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SUMMARY
An apparent Inverse dependence of oxidation rate on temperature was discovered 
between approximately 270 C and 295 C using 60% tin-40% lead alloy as a result 
of a preliminary investigation carried out to determine the effect of temperature 
on the oxidation and drossing rates of stirred tin-lead alloy melts. This effect 
was found to be dependent on time and the composition of the alloy, and 
coincided with a considerable rise in drossing rate. Furthermore the oxidation 
rate of stirred 60% tin-40% lead alloy showed a very unusual increasing rate 
with time. Therefore a systematic study was carried out to determine the factors 
which control the oxidation and drossing rates of liquid tin-lead allgys, pure 
tin and pure lead at taiperatures between approximately 200 C and 400 C.
The results of the study are reported in two parts. In the first part ' the 
effects of time, temperature, the concentration of tin in the alloy, stirring 
rate and the effects of additions of up to 0 .2% of copper, cadmium, zinc, aluminium, 
antimony ".silver and phosphorus bn the weight gain and the weight of dross formed 
using stirred tin-lead alloys are reported. It was found that except for a 
phosphorus addition of 0 .0 1% which reduces the weight gain of stirred 60% tin-’/
40% lead alloy by at least 50%, the additions generally show only minor effects 
on the weight gain dependence of the alloy on temperature. The oxidation kinetics 
of stirred 60% tin-40% lead alloy have been interpreted using the Arrhenius 
equation. Drosses were examined and analysed using scanning electron microscopy, 
metallography, X-ray diffraction, X-ray photoelectron spectroscopy and atonic 
absoiption spectrophotometry.
In the second part of the study the effects of temperature and air pressure on 
the oxidation kinetics of static melts of 60% tin-40% lead alloy, pure tin and 
solid lead were determined using an electromicrobalance. Generally parabolic 
kinetics were observed indicating that the oxidation processes involved are 
diffusion controlled. It was also fougd that the oxidation gate of static 
melts of 60% tin-40% lead alloy at 270 C exceeds that at 295 C using an air 
pressure of 250 Pa although this effect is eliminated by reducing the air pressure 
to 50 Pa. Furthermore the oxidation rates of liquid 60% tin-40% lead alloy, pure 
tin and solid lead were in general higher using the lower air pressure of 50 Pa.
The results obtained in this part of the study have also been interpreted using 
the Arrhenius equation. Furthermore the oxide layers were examined and 
analysed using scanning electron microscopy and X-ray diffraction techniques.
It appears that changes in the moiphology of the oxide layer on liquid 60% tin- 
40% lead alloy may account for the observed changes in the oxidation rate of 
the alloy with, temperature and air pressure. A comparison of the oxidation rates 
of static and stirred melts of 60% tin-40% lead alloy show clearly that the 
oxidation rate of the stirred alloy is controlled by the additional surface 
area exposed as a result of drossing. Furthermore the nature of the oxide 
layer appears to have a significant effect on the drossing rate of the alloy.
It was also shown by calculation that the observed time dependence of the fall 
in weight gain of stirred 60% tin-40% lead alloy with teiperature could be 
explained in terms of the total surface area of the alloy exposed to the 
atmosphere.
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C H A P T E R  I 
IimOXJCTTON
2Tin and lead form the basis of soft solders which are used extensively 
to join together metals and alloys at temperatures below 400°C. In the 
mass soldering of printed circuit boards a tin-lead alloy containing 
6C% by weight of tin is normally used at temperatures between 24CPc and
250°C. The physical properties of the alloy are such that it is ideal
for this purpose i.e the alloy freezes between 183°C and 188°C (see Figure 1),
has high fluidity and readily wets copper at 240°C.
In wave soldering the solder is pumped upwards through an opening to foim 
a standing wave and printed circuit board assemblies are soldered as they 
pass through the crest of the wave (see Appendix A). The oxidation and 
drossing rates of the solder are very important factors with regard to-the ;- 
efficiency of the process. It was surprising, therefore, to discover that * 
no kinetic data has apparently been determined using agitated melts of tin- 
lead alloys. Consequently it was felt that an investigation to determine 
the oxidation and drossing rates of stirred tin-lead alloys at temperatures 
between 200°C and 400°C would be of interest.
As a result of the unexpected effects of time and temperature on the oxidation 
and drossing rates of stirred 6C% tin-40% lead alloy discovered in the 
preliminary work, it wasddecided to carry out a systematic study of the 
kinetics of oxidation and drossing using tin-lead alloys, pure tin and pure 
lead. This study was undertaken on a collaborative basis at the Internationa.! 
Tin Research Institute and the Department of Materials Science at the 
University of Surrey. At the International Tin Research Institute a stirring 
technique was developed which simulated the formation of one type of dross 
occurring in a wave soldering machine (see Appendix A).
It was found that the effects of time, teimperature and additions to 60% 
tin-40% lead alloy on the oxidation and drossing rates of the stirred alloy 
could not be inteipreted using conventional oxidation theories. Therefore 
the oxidation kinetics of static melts of 60% tin-40% lead alloy were determined
at temperatures between 255°C and 325°C so that the effects of stirring on- the 
oxidation rate of the alloy could be evaluated. In addition the oxidation 
kinetics of static melts of pure tin and solid lead were determined in order 
,to show whether the observed effect of temperature on the oxidation rate of 
the alloy is a function of an intrinsic property of the tin, the lead or both 
of these metals.
3As a balance of the sensitivity required to deteimine the oxidation kinetics 
of static melts of 60% tin-40% lead alloy, pure tin and pure solid lead was 
not available at the International Tin Research Institute, this part of the 
study was carried out at the University of Surrey using an electromicrobalance. 
However it was found that the use of reduced air pressure was required with 
the electromicrobalance for the purposes of this study and consequently 
it was decided to deteimine the oxidation rates of static melts of 60% tin- 
40% lead alloy, tin and solid lead using different air pressures.
A ccnparison of the results indicated that changes in the mature of the 
oxide layer have significant effects on the oxidation and drossing rates 
of liquid 60% tin-40% lead alloy. Therefore a range of techniques was 
used, including scanning electron microscopy and X-ray diffraction 
techniques, to examine and analyse the oxide layers,foimed in this study.
It is interesting to note that since the completion of the work described 
above solder alloys containing small amounts of phosphorus are in use on
a CQnnercial scale for the mass soldering of printed circuit boards.
Figure 1 The Sn-Pb Equilibrium Diagram^ ^
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LITERATURE SURVEY
52.1 Introduction
The following subjects were reviewed in the literature survey,
i) The thermodynamics of oxidation.
ii) The oxidation theories and mechanisms which have been 
proposed to account for the kinetic data.
iii) Tie experimental techniques used to exawtoe and analyse 
tKe. oxi'cie. layers.
iv) The oxidation of liquid non-ferrous metals in general.
v) Kinetic and ana.l^ {:<c&l data for liquid tin-lead alloys, 
tin and lead. In view of the high melting point of pure 
lead (see Figure 1) in relation to the tenperature 
range of interest in the present study i.e. between 2 0 0°C 
and 400°C, it was decided also to review the data 
determined for the oxidation of solid lead.
2.2 The Thermodynamics of Oxidation
2.2.1 General
The literature shows that a considerable volume of work carried out 
using liquid metals was concerned with the effects of doping on the 
oxidation kinetics. Usually thermodynamic considerations were 
invoked to account for the results i.e a change in the oxidation rate 
of a metal was explained by assuming that an addition was selectively 
oxidized. In this respect the free energy of oxide formation was 
generally found to be useful in predicting which additions may modify 
the oxidation rate of a metal and is therefore of interest in the 
present study.
2.2.2 The Free Energy of Oxide Formation
The possibility of the sinple oxidation reaction '
Metal + oxygen = Metal oxide (2.1)
occurring depends on the thermodynamic stability of the oxide under 
the prevailing conditions of tenperature, i oxygen pressure PQ and 
Co rvcerxt ration. 2
6Assuming that the substances are pure solids except for oxygen the 
Van' t Hoff Isotherm gives
A Gp = A G^i - RT .In PQ2  (2 .2 )
whereAGji = the free energy change for the formation of the oxide,
0AGj. = the standard free energy change, R= the gas constant 
and T= absolute tenperature. The standard free energy change is 
related to the equilibrium constant Kj. by the equation,
A g£ = - RT ln Kp  (2.3)
For the oxidation reaction given in equation (2.1),
Kt = 1/p^ .......(2.4)
where po2 = the equilibrium partial pressure of the oxide therefore
a 4  = RT ^  po2 .(2.5)
o
A G-ji is constant at constant tenperature but the second term in
equation (2.2) i.e - RT .In.: P^is variable as it includes the
external oxygen pressure and is regarded as a correction term. According
to the second law of thermodynamics an overall decrease in the free
energy of the system acconpanies any reaction. Consequently the sign
of A Gy must be negative for the oxidation reaction given in equation
(2.1) to occur. In Figure 2 the standard free energy change for a
(2)(3) 'number of oxides is plotted against tenperature . It is shown
therefore that many metals are thermodynamically unstable in oxygen 
and may oxidize spontaneously under atmospheric pressure.
The standard free energy charge is related to the standard enthalpy 
and entropy changes i.eAH°<j> andAS°T respectively, by the equation,
AG°t =AH°t - TASp  (2.6)
The two thermodynamic functions on the right hand side of the equation 
(2 .6 ) normally vary only slightly with tenperature and the effect is 
often such that a linear plot is obtained of AG°t against 
tenperature (4 ). However with some metals and oxides a change in the slope 
of the plot occurs with a change in state eg at the melting points of 
copper and Cu ^O .
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Figure % Variation Of Standard Free Energy With Temperature (2.) ( 3 ) .
8Therrnodynamic functions do not include kinetic parameters and it is 
apparent therefore that there can be no direct correlation between the 
oxidation rate of a metal and A Gy . For example the reaction rate 
constant for the formation of AI2O3 is several orders of magnitude less 
than the reaction rate constant for the formation of CU2O at 600°C i.e 
8 .0  x 10~15 and 3.0 x 1 0 “JAj^ cm-^  sec“l respectively, although A Gy
for AI2O3 is considerably greater than that for CU2O at 600°C i.e
-1 (5)-220.0 and - 55.0 K cal mole respectively .
It may be concluded that the value of free energy data in oxidation 
studies ll<s in providing the basis for a working hypothesis as the sign 
of AG^ , shows whether an oxidation reaction can occur under certain 
conditions of tenperature and oxygen pressure. Furthermore the numerical 
value of A G^ , is indicative of the relative affinities of metals in 
an alloy for oxygen. With respect to tin-lead alloys Figure 2 shows 
that tin has a higher affinity for oxygen than lead at temperatures below 
400°C using atanospheric pressure. Therefore tin oxide may be expected 
to form on tin-lead alloys rather than lead oxide.
2.3 Oxidation Theories
The literature shows that no theories have been proposed specifically 
to account for the oxidation kinetics of liquid metals and alloys.
Instead atteirpts were made to interpret the kinetic data using the theories 
proposed to account for the oxidation kinetics of solid metals and alloys. 
These theories, therefore, are of interest in the present study.
2.3.1 General
At tenperatures above 450°C metals and alloys may become separated from
the oxidising gas by a uniform and compact oxide layer with a thickness
o
of more than 10000A . Under these conditions it is often assumed that 
phase boundary reactions such as adsorption occur rapidly and the volume 
diffusion of reacting ions is rate controlling. At tenperatures below 
450°, however, the oxide layers are normally much thinner and it was 
proposed that a powerful electric field induces transport of reacting 
ions across the oxide layer.( 6 — 9 ) ^
Oxidation theories, therefore, are categorised generally according to 
tenperature or oxide thickness. The present study is concerned with 
the oxidation of liquid tin-lead alloys below 450°C and therefore it 
may be expected that only thin oxide layers are of direct interest. 
However in many investigations earned out to determine the oxidation 
kinetics of liquid metals and alloys it was proposed that diffusion 
processes are fate controlling. Therefore mechanisms for both thick 
and thin oxide layers are reviewed in the following subsections.
2.3.2 Thick Oxide Layers
One of the first mechanisms proposed to explain the oxidation behaviour 
of metals was the Pilling and Bedworth Principle^0)which gives,
0pB = v°/nVm ......
where Qpg = t^ie Pilling and Bedworth volume quotient, Vo = the molar 
volume of the oxide, Vm = the atomic volume of the metal and n = the 
valency of the metal. If Q pb is less than unity e.g for Na 2 O, the 
oxide layer is considered to be under tension and porous to oxygen.
Under these conditions a linear rate of oxidation is expected. However 
if Qpg is greater than unity e.g for NiO, the oxide layer is considered 
to be compressed, non-porous and a parabolic rate law is expected.
The validity of the Pilling and Bedworth Principle has frequently been 
challenged (H ”H ) . For example, Kofstad^  1^ ) has pointed out that thick 
oxide layers of titanium, niobium and tantalum oxides are unprotective 
although Q pb is considerably greater than unit y in each case. However 
the Pilling and Bedworth Principle has been applied in a number of cases 
to account for kinetic data obtained using liquid metals and alloys 
and therefore remains of interest in this field.
The Wagner oxidation theory (^  i/as the first to provide an adequate 
explanation for the parabolic oxidation kinetics reported in 1920 by 
Tarnmann (-^ Jl.e.
10
where g = weight gain, kp = the parabolic oxidation rate constant and t = 
time. Wagner proposed that chemical and electrical potential gradients are 
set up across the oxide layer and constitute the driving force for . 
diffusion. It is generally accepted that all metals follow parabolic 
oxidation kinetics over a range of temperature e. g copper, cobalt and 
iron between 800°C and 1050°C (16), 800°C and 1350°c(17) and 699°C 
and 983 °C ("^respectively. However Hauffe 0-9) has pointed out that 
the Wagner theory cannot be applied to metal oxidation at high tenperatures 
in all cases and requires that a number of assumptions are true i.e,
1. The oxide is thick, uniform and compact.
2. The oxide is dissociated into ions and free electrons.
3. The oxide has a certain range of non-stoi chiometry arising from 
the presence of lattice defects.
4. The concentration of the defects across the oxide remains constant 
with time.
5. The oxide behaves as an ideal solution.
6 . Mass transfer to reaction interfaces is due solely to the 
diffusion of defects.
7. The effects at grain boundaries can be neglected.
8 . Space charge effects can be neglected. Space charge effects 
may arise if transport of a reacting species is insufficient 
to obtain equilibrium in the oxide.
The Wagner derivation of the parabolic rate equation is given elsewhere(20). 
When a single phase boundary alloy oxidizes the oxides of both metals 
may form. Alternatively the oxide of either metal may form with the 
ions of the other metal presenting the oxide lattice. Hauffe (21) 
has considered a practical application of the Wagner oxidation theory 
which is in the implication that it is possible to influence the 
oxidation rate of a metal by alloying with a metal having an ion of 
different valency. Therefore if Li+ is substituted for Ni^ + in NiO 
then the oxidation rate of the nickel is modified( 2 2 ).
2.3.3 Thin Oxide Layers
The first comprehensive theory of metal oxidation at lower temperatures
(6—8) (9)
is described in a series of papers by Mott ' and Cabrera and Mott -
Mott^""^ suggested that when a metal surface is brought into contact
with oxygen, molecules of the gas are adsorbed onto the surface to form
a very thin oxide layer through which electrons may pass rapidly by
tunnelling. As a result of the electron flow through the oxide layer
metal ions are formed at the metal/oxide interface and oxygen anions
at the oxide/oxygen interface. Ionisation creates a very strong electric
7 -1field i.e about 10 volts cm , which is sufficient to induce trans-
(9)port of ions across the oxidev ' . The rate determining step for the
oxidation of the metal is the oxide rate at which ions pass from the 
metal into the oxide.
U nder these conditions the kinetic data normally obey either the inverse
or direct logarithmic laws. The inverse logarithmic rate law may be
represented by the equation where x = oxide thickness# - t= tine and A and B 
are constants,
l/K = A-B2nt .......
Examples of metals which oxidise according to the inverse logprithmic
rate law are aluminium at room temperature(23) and copper at
(24)temperatures up to 500°C v ' However in many cases it is the direct
logarithmic rate law which is obeyed i.e,
X = A in (Bt+1)
(9)Cabrera and Mott'' ‘ postulated that there is a critical tenperature 
below which the oxidation rate is controlled by electric field induced 
diffusion. They showed that under these conditions and neglecting space 
charge effects the parabolic rate law applies i.e,
X2 = 2At........................... .......
(2.9)
(2.10)
(2.11)
However, Hauffe and his co-workers( )  (2 5) showed that if space charge 
effects were taken into account a cubic rate law was derived.
It is now generally accepted that the main limitation 
of the Mott-Cabrera theory lies in the fact that low tempgature 
oxidation processes are often too complex,especially for alloys, to be 
interpreted using a single theory. Therefore numerous additional 
mechanisms have been proposed to account for the considerable volume 
of kinetic data which has been determined. The principal rate 
determining mechanisms proposed to account for logarithmic oxidation 
kinetics and the references are listed in Table 1.
It may be stated in conclusion, therefore, that at temperatures above 
450°C diffusion processes are normally rate controlling for the oxidation 
of solid metals and alloys. Furthermore the parabolic rate law may 
govern the kinetic data. At lower tenpoatures, however, the electronic 
field assisted transport of ions is usually rate controlling and the 
logarithmic rate law may represent the kinetic data.
Table 1 Summery of Principal Rate Deteiinining Mschanisms Proposed
To Account for Logarithmic Oxidation Kinetics
Rate Determining Process References and Dates
Chemisorption of oxygen 1951 Halsey (26); 1 953 EngeH and Hauffe(2 )^
1955 Landsberg (23)
Ion migration occurring via paths 19.54 Davie?., Evans and Agar(2^) .
of low resistance e.g pores in' 
the oxide
Electronic field induced trans­
port of electrons
Ion migration followed by elim­
ination or blockage of 
migration channels
Electron Flow controlled by space 
charge effects in the oxide layer
Reduction in area of oxide 
available prior migration as a 
result of the coalescence of 
vacancies at the metal/oxide 
interface
1962 Kofstad(4°)
1966 Fromhold and Cook(41) 
1969 Ritchie et al (42-44)
Strength of bonds between the
1970 Fehlner and Mott (45)cations in the oxide lattice
Increasing activation energy aris­
ing from oxide nucleation and growth
Reversal of Hauffe and Uschner1 s 
proposals(20)
Slow electron transfer to a uni­
valent oxygen ion adsorbed on 
metal surface
]954 Hauffe and llshner(30); 1956 
Grim ley & Trapnell(3^); 1960 Evans(22)
1955 Lanyon and Trapnell(33);1960 
Eley & Wilkinson (24); 1969 Dell' Oca 
and Young(22)
1956 Uhlig (26); 1963 Fromhold(37-39) 
1960 Evans(32)
2.4 Methods Used to Investigate the Oxidation of Liquid Non-Ferrous
Metals and Alloys
2.4.1. General
In this section the quantitative and qualitative methods used to study 
the oxidation of liquid metals and alloys are reviewed. T he suitability 
of the available techniques may then be assessed with respect to the 
requirements of the present study. Normally the kinetic data were obtained 
under isothermal conditions using atmospheric pressure.
In some investigations the composition " of the oxide was not determined 
by analysis but deduced from the amount of oxygen absorbed by the specimen 
during the experiment. This method, however, involved making certain 
assumptions which may not always be valid e.g the oxide is stoichiometric, 
all the oxygen absorbed is converted into oxide etc.
2.4.2 Quantitative Methods
The literature shows that gravimetric, volumetric and thermal techniques 
have been used to determine kinetic data for agitated melts. These 
techniques, therefore, are of particular importance in relation to the 
present study.
It is apparent that the widespread use of the gravime t;ric technique
in . oxidation studies results from the simplicity of operation of the
balance and the high level of accuracy and general convenience of the
method. A sensitive vacuum microbalance ie weight changes of 
—6
1 x lOg could be detected, was developed over forty years by 
G ulbransen (46) #
In older works non-continuous gravimetric methods were used i.e the 
experimental procedure involved continually cooling, weighing and reheating 
the specimen at regular intervals. The disadvantage with the use of 
non-continuous methods for static melts is that the perpetual cooling 
and reheating cycle may damage a fragile oxide layer and cause a fundamental 
change in oxidation kinetics(47) # Furthermore the gravimetric technique 
may be used to obtain data under non-isothermal conditions(48)w
In certain cases gravimetric techniques were used to obtain kinetic 
data for melts which were agitated by blowing air or oxygen through 
or over the surface of the specimen (49-56). jn other investigations 
a volumetric technique was used where the composition of the oxidising 
gas was determined after bubbling through the melt. Analysis of the 
spent gas was carried out using either an electrochemical cell or a gas 
chromatograph (57-59). Kinetic data for agitated melts have also been 
determined using a thermal technique which involves recording the rise 
in temperature of the melt when air or oxygen is blown i n  (60) (61),
Other methods which have been used to determine the oxidation rates 
of static melts include manometric, optical and chemical methods. With 
manometric methods the consumption, of oxygen may be shown by monitoring 
the pressure or the flow rate of oxygen in the reaction vessel e.g in 
the oxidation of liquid zinc between 440°C and 470°c( 62)._
( f i^ \However Kubaschewski and Hopkinsv 'have stated that unless pure gases 
are used conplicated corrections are required.
The optical methods used to determine kinetic data for liquid metals 
and alloys(64-66) involve estimating the thickness of the oxide layer 
from light interference colours using the equation,
4yu(X+C)= nA    (2.12)
w here C = an addUfcioMll path d ifference 'resulting Pron\ phase changes fn th e  
Li°<jkfc, P = the refractive index.of the oxide, X = oxide thickness,n.
= an integer and A  = the wavelength of interfered light. A clear
limitation of this method is that fx can be expected to alter with changes
in the conposition of the oxide layer e.g if the specimen foms more
than one oxide.
Several investigations have been carried out to determine the oxidation 
rates of small levitated droplets of copper and nickel in flowing mixtures 
of oxygen and nitrogen or carbon dioxide and carbon monoxide(67-69) #
These experiments were carried out to obtain the kinetic data between 
1200°C and 1600°C in connection with the rapid refining of copper and
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nickel by dispersing the metals as a spray. The droplets were levitated 
using a radio frequency induction coil and the weight of oxygen gained 
by the metal was determined by the reduction of the oxide.
2.4.3 Qualitative Methods
It appears that the examination and analysis of oxide layers formed on 
agitated melts was rarely carried out.
In most cases analyses of the oxide layers formed on static melts of 
metals and alloys were carried out using either X-ray diffraction or 
electron diffraction techniques. In either case the interpretation 
of the results is the same which is an advantage therefore when conparing 
analytical data. However as the'specimens were normally analysed at 
room temperature identificaton of the oxide phases is limited as any 
transformation which may have occurred on cooling could not have been 
detected.
It appears that very little analytical data has been obtained before 
cooling the specimens to room temperature although X-ray and electron 
diffraction may be used at elevated terrperatures. The reason for this 
is not clear from the literature.
X-ray diffraction techniques were normally used to analyse thicker oxide
o
layers i.e about 1 0,0 0 0a/ whereas electron diffraction techniques are 
apparently better suited for use with thinner oxide layers as the depth 
of electron penetration into the surface is small. The literature shows 
that in cases where the oxide layers formed on liquid metals and alloys 
were analysed by X^ -ray diffraction either the Debye-Scherrer powder 
method or a Diffractometer were used.
Electron diffraction techniques may involve the use of either a reflected 
or transmitted electron beam. The reflection technique produces a smaller 
depth of electron penetration into the surface so that information regarding 
the oxide only may be obtained from a thin oxide layer in contact, with 
the metal or alloy substrate. In cases where the composition of the 
oxide layer varies with thickness, however, the use of a transmitted 
beam i.e where the beam passes through the oxide,clearly offers advantages 
over the use of the reflected beam.
Separation of the oxide prior to analysis from the substrate has been earned
out /in several cases(^ 0-73) ^ In SOITie cases it was possible to
separate the oxide layer from the metal or alloy while the latter was 
(71-73)still liquid . Wire loops were used for this purpose and the
isolated oxide layers were subsequently analysed using transmission 
electron diffraction at room temperature.
It is apparent that electron diffraction and X-ray diffraction techniques 
have also been used to provide information regarding the crystal orientation 
in oxide layers. This information was found to be of particular value 
in explaining the different oxidation rates which were obtained using 
duplicate s p e c i m e n s ( 4 7 )  ( 7 0 )  ( 7 4 ) .
Met alio graphic and chemical methods have also been used to identify 
the oxidation products formed on liquid metals and alloys (67-69) (75) (76). 
In addition the morphology of AI2O3 layers found between 900°C and 
1040°C on liquid aluminium were examined using scanning electron microscopy 
and information regarding the microstructure of the layers was obtained 
using transmission electron microscopy (^ 7) % In order to carry out the 
TEM investigation the oxide was stripped from the aluminium using a 
solution of bromine in methanol.
In other work the oxide layers formed on 62% tin - 38% lead alloy 
containing up to 0 .0 1% of phosphorus, germanium and gallium were 
analysed using X-ray photoelectron spectroscopy at room terrperature (76),
This technique may be used to obtain information concerning the top 
atonic layers in the oxide and therefore stripping of the oxide layer 
may be necessary.
It is evident from this section, therefore that gravimetric .techniques 
were normally used to determine the oxidation rates of liquid metals 
and alloys. Furthermore analysis and examintion of the oxide layers 
frequently involved the use of X-ray or electron diffraction techniques.
z.. j ramnji-ia muuxi emu. xxja ^ kjjucli_m u  riui-u uj. j^ jl^ u-lu.
Non-Ferrous Mstal_s aid Alloys
2.5.1 General
The oxidation of liquid metals and alloys has been studied principally 
in connection with extraction and refining (78). Many data were obtained 
using static melts although in practice the liquid metal or alloy is 
normally flowing or agitated by mechanical means such as in the refining 
of lead where the impure metal is s t i r r e d (79-84) ^ However few atterrpts 
have been made to review and compare the results obtained using static 
and agitated conditions. Therefore it was decided to carry out a general 
review of the factors which influence and control the oxidation rate 
of liquid non-ferrous metals and alloys. Wherever possible the mechanisms 
which control the oxidation rates of static and agitated melts are compared.
2.5.2 The Influences of Tine, Temperature and Oxygen Pressure on the 
Oxidation Rate of Static Melts
2.5.2.1 Influence of Time
In general it was found that the oxidation rate of liquid metals and 
alloys follows either the parabolic or linear laws.
The parabolic rate law was dealt with in subsection 2.3.2 and is normally 
indicative of diffusion controlled reactions. The linear rate law may 
be expressed by the equation,
g = Kit   (2.
where g = weight gain, = the linear rate constant and t = time.
In cases where linear oxidation kinetics apply it is often assumed that 
oxidation is controlled by a phase boundary process.
It was found that the oxidation rate of tin-lead alloys obeys the parabolic 
rate law below 420°C and the linear rate law above 575°C (66) (75).
A change in the rate law from parabolic to linear has also been reported 
with increasing temperature or time using bismuth,tin and lead(64) (85-87).
For tin and lead it was proposed that at a critical temperature cracking 
of the oxide layer occurred and a reaction at the metal/gas interface 
became rate controlling instead of diffusion (8 5)(8 7). However, Bilbrey
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et al(^ 7) argued that cracking of the oxide layer formed on tin was 
most probably a function of the non-continuous experimsntal technique 
errployed i.e the specimens ware subjected to a perpetual cooking and 
reheating cycle.
2.5.2.2 Influence of Temperature
In many cases the influence of tenperature on the oxidation rate constant 
K, may be expressed by the Arrhenius equation,
K = Ae Q/RT   (2
where T = Absolute temperature, A = a proportionality constant, R = 
the gas constant and Q = the Activation energy. In terms of the kinetic 
theory of . chemical reactions Q represents an energy barrier which 
atoms or molecules colliding must overcome in order that oxidation can 
occur. The proportionality constant in the equation A, is considered 
to represent the frequency factor of encounters between the reacting 
species irrespective of their energies.
Generally changes in Q signify changes in the oxidation mechanism.
In practice it was often found that the values of Q and A remain constant 
over a limited range of tenperature only so that in many cases of metal 
and alloy oxidation extrapolation of the results cannot be justified. 
Furthermore if Q is equal for two oxidation reactions which are governed 
by different rate laws then the same oxidation mechanism may not apply.
2.5.2.3 Influence of Oxygen Pressure
It was found that only a very limited amount of work has been carried 
out to investigate the effects of oxygen pressure on the oxidation kinetics 
of liquid metals and alloys. The data shows that the oxidation rates 
of tin and zinc are independent of oxygen pressure between 400°C and
600°c(59)
.14)
2.5.3 Other Factors Which Influence The Oxidation Rate of Static Melts
2.5.3.1 The Liquid Phase
a) Purity-
Several workers^ 80) (64) (89) rep0rted that purity had a pronounced
effect on the oxidation rate of a metal and explained this effect in 
terms of the selective, oxidation of a particular impurity e.g sodium 
in aluminium^^ ^.
With regard to tin-lead alloys it is apparent that the effects of alloy 
purity have not been investigated.
b) Vapour Pressure
Under conditions where the vapour pressure of a metal or alloy is 
significant the oxidation rate may be controlled by the diffusion of 
oxygen to the surface of the melt e.g with magnesium at 750°C (15).
It is of interest to note that the vapour pressures of tin and lead are
1.89xlO“18 and 1.41xlO”8 Pa respectively at 350°c(90) and therefore the loss
of tin and lead from specimens oxidized using atmospheric pressure in the 
present study may be neglected.
c) Solubility of Gases
In cases where significant dissolution of oxygen occurs a change in
the oxidation rate of the metal or alloy may be modified when the melt
becomes saturated e.g for silver, nickel and copper(91-9however the
solubilities of oxygen in tin and lead at 400°C are very small i.e 0.0001
(94*-100)weight% and 0.0005 weight % respectively under atmospheric pressure «
Unfortunately it appears the corresponding data for nitrogen has not 
been determined.
d) Doping
In many cases it was found that small amounts of various additions to 
a metal or alloy significantly modify the oxidation rate(8<“>)(64)(66)(85) (87) (89) 
(101-H5). Generally these effects were explained in terms of the 
selective oxidation of the additions by applying free energy data and 
the Pilling and Bedworth Principle.
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It is of interest to note that the effects of adding up to 1.0% of 
lead to tin were found to have no effect on the oxidation rate of the
/ gg \
basis metal at 400°C . However additions of up to 1.0% of tin to
lead significantly reduced the oxidation rate of the lead at 400°C (87),
In accordance with free energy data it was found using X-ray diffraction 
that in either case the oxide consisted of Sn02 only.
2.5.3.2 The Oxide Phase
a) Physical State
It has been shown using gravimetric techniques that a significant change
in the oxidation rates of bismuth and copper occur with tenperature
at the melting points of the oxides i.e 821°C and 1230°C respectively( 8 6) (92)^
However the melting points of tin and lead o:x ides are in ^excess of
8 8 6°c(-*--*-6) which is considerably above the terrperatures of interest
in the present study.
b) Vapour Pressure
Thde le(89) reported that the evapor ation of Se02considerably increased 
the oxidation rate of aluminium containing 1 .0 % of selenium at 800°C.
He explained the effect by assuming that the AU2O3 layer becomes porous 
to oxygen as a result of the loss of Se0 2 .
The vapour pressures of tin and lead are such that the oxides evaporate 
under atmospheric pressure at terrperatures in excess of 1472°c(90) (117-119)%
It is evident therefore that the loss of tin oxide or lead oxide through 
evaporation under atmospheric pressure may be neglected at terrperatures 
below 400°C.
c) Crystallographic Structure
It was found using a gravimetric technique that the oxidation rate of 
aluminium at 800°C was reduced as a result of the transformation of 
- AI2O3 to - AI2O3 (89) # This effect was explained by assuming 
that the denser modifi-.cat.icn i.e. - AI2O3 , provides greater protection 
to the aluminium.
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Of the oxides formed on tin, lead and tin-lead alloys at temperatures 
below 400°C it appears that only EbO undergoes a change in crystallographic 
structure i.e ^ -PbO forms initially but rapidly transforms - aisoue 400 C bo 
- PbO (87). However no effect on the oxidation rate of the lead was 
reported as a result of this transformation.
d) Chemical Corrposition
Gruhl^^) attributed an unexpected fall in the oxidation rate of lead 
with temperature to the formation of Pb3 0  ^in the PbO layer. He suggested 
that the presence of the higher oxide hinders the diffusion of lead 
ions through the oxide layer. However, X -ray data showed that Pb30  ^
was present only in oxide layers formed aUsretliatemperature range of interest 
in the present study i.e between 200°C and 400°C (1^ °).
The presence of SrOg in the SiO layers formed on tin and tin-lead alloys 
above 260°C has been detected using electron diffraction techniques 
at elevated and roan temperatures (121;) (122)  ^ However evidence
showing that this change affects oxidation rate was not found in ihe 
literature.
e) Spinel Formation
Balicki suggested that a reduction in the oxidation rate of
aluminium-magnesium alloys at 700°C can be attributed to the formation 
of the spinel AI2 Q3 . MgO. He considered that the presence of the spinel 
in the oxide layer modified the oxidation mechanism of the alloys.
The existence of the spinel 2PbO. SnO? is known (123)but no effect on 
the oxidation rate of tin-lead alloys has been reported.
f) Stress Related Phenonena
The Pilling and Bedworth Principle (see section 2.3.2) has been used 
to account for the effects of doping on the oxidation rate of tin and 
lead at terrperatures up to 520°C (64)(85)(87)^
It has been considered that stress may also be gen e rated in a dual
oxide layer as a result of the differences in the volumes and growth
rates of the individual oxide phases. For example, Tonlinson and Mari:in (^ 5)
suggested that the difference in the volumes of PbO and SnG> i.e 23.0
and 21.5 cm ^ mole ^  respectively/ ^  Inay aid the formation of cracks in
the oxide layer formed above 575°.C on 50% tin-50% lead alloy.
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It is interesting to note that the transformation of ShO to SnC>2 and 
p-PbO toe** - PbO both involve volume expansions i.e 4.3% and 3.0% 
respectively^  63) r although these changes were not found to coincide with 
changes in the oxidation rate of the melt.
g) Crystal Orientation
Strong preferred orientation / of the oxide crystals has been correlated
with unusually high oxidation rates for tin at temperatures between 
(47)(70)(74)
400°C and 900°C . Unfortunately the investigators were
unable to provide an explanation for the correlation nor indicate why 
preferred orientation had occurred.
2.5.3.3 The Q. aseous Phase
a) Oxygen Content of the G? as
(fn \Glen and Richardson ' ' showed that by altering the O2 /N2 ratio the
oxidation rate of levitated droplets of copper between 1100°C and 1600°C 
depends on the mass transfer in the gas i.e convection currents and 
oxygen diffusion.
b) Humidity
In most cases experiments were apparently carried out using oxygen or 
air with no control over the moisture content of the gas. It is interesting 
to note therefore that the oxidation rate of aluminium was found to 
be considerably lower in damp air than in dry air (89).
The effects of humidity on the oxidation rate of tin and tin-lead alloys 
do not appear to have been deterrnined. However the oxidation rate of 
lead at 420°C was found to be independent of the moisture content of 
the air (64).
2.5.4 Agitated Melts
A number of investgions were carried out to determine the oxidation 
rates of tin, lead, nickel, copper, zinc and manganese (49-61) 
where the melts were agitated using a current of air, oxygen or a mixture 
of carbon dioxide and carbon monoxide. In general the purpose of these 
investigations was to obtain kinetic data under conditions which ‘ are 
closer to those found in refining and extraction.
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A comparison of the data is quite revealing. For exairple it is of particular 
interest to note that the rate controlling mechanism for agitated melts 
of copper depends on whether the oxidising gas is bubbled through the 
melt or blown across the surface.
In the former case Diaz and RichaizsoA'^ found that the oxidation kinetics 
followed the linear law and proposed that a slow interfacial reaction 
is rate controlling. If however the oxidizinggaswsblown across the 
melt the parabolic law was found to represent the kinetics and Lange (*>!) 
suggested that the oxidation rate of the copper is controlled by oxygen 
diffusion in the mass of metal.
G uppy et al ^ )compared the experimental data determined using static
and agitated melts of zinc at terrperatures between 425°C and 550°C.
Unfortunately, these investigators were unable to determine the rate
controlling mechanism for agitated melts of zinc from their own data.
However they estimated that the Zr£) layer was much thinner i.e less 
o
than 200A, than the ZnQ layer formed on static melts of zinc where it 
was assumed that diffusion is rate controlling.
In view of the differences in oxide thickness and in Activation energies 
i.e 25,.' + 3.0 kcal (static) and 37 ±8.5 kcal (agitated), G .uppy
et al^  concluded that the oxidation rate of zinc is controlled by 
different mechanisms depending on whether the melt is agitated or static.
It is also of interest to note the results of an attempt to interpret 
the kinetic data obtained using agitated melts of zinc in terms of the 
Hauffe-Ilschner oxidation theory^ 0  ^. This theory predicts a rate dependence 
on oxygen partial pressure which, however, was found not to be the case 
using agitated melts of zinc^^. It was concluded, therefore, that 
for zinc the assumptions which may apply to oxide layers found on the 
solid metal are not valid for oxide layers found on agitated melts(59)
Gebhardt explained the effects of do ping on the oxidation rate 
of agitated melts of zinc at 500°C by applying free energy data i.e 
the oxidation rate of the zinc was modified if oxidation of the addition 
element was favoured. It is interesting to note that a comparison of 
the effects of adding 0 .1% of antimony, tin, copper and bismuth to lead 
on the oxidation rate of the metal at 400°C shows that different effects 
were obfcsurv&d depending on whether the melt was agitated or static.
These results, therefore, support the conclusion drawn by G?nippy et 
al(59)i.e different mechanisms control the oxidation rate of agitated 
and static melts. Unfortunately no discussion of the different effects 
could be found in the literature.
Burkhardt <124 Lew air into lead at 420°C and recorded the effects 
of adding 0 .1% of various elements on the weight of dross 
found after 30 minutes using a flow rate of 4 lit res/minute. He reported, 
for example, that an addition of 0 .1% silver decreases the drossing 
rate of lead. However other data (57)(64)(67) show that similar additions 
generally have no effect on the oxidation rate of static and agitated 
melts of lead. This comparison indicate, therefore, that factors other 
than oxidation rate determine the drossing rate of lead.
The following conclusions may be drawn from the literature reviewed 
in this section.
i) Many factors may affect the oxidation rate of static melts of 
metals and alloys. Diffusion processes or interfacial reactions are 
invariably rate controlling .
ii) With agitated melts the rate controlling mechanism depends on 
the nature of the agitation.
iii) The mechanisms which control the oxidation rates of static and 
agitated melts can be different.
iv) It appears that kinetic data determined using agitated melts may 
not be interpreted in terms of the oxidation theories developed for 
solid metals.
v) Factors other than the oxidation rate of an agitated metal or 
alloy control the drossing rate.
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2.6 The Oxidation of Liquid Tin-Lead Alloys
2.6.1 General
In this section the oxidation kinetics and qualitative data determined 
using liquid tin-lead alloys are reviewed. A mechanism proposed for 
the oxidation of 60% tin-40% lead alloy is described and compared to 
an oxidation mechanism proposed for tin oxidized under the same conditions.
The literature shows that few data are available and that the effects 
of agitation and oxygen pressure on the oxidation rate of tin-lead alloys 
have not been investigated. Furthermore it is apparent that kinetic 
data hat/e been determined for static tin-lead alloys only at temperatures 
above 295°C.
The literature also shows that qualitative data have been obtained using 
the oxide formed above 220°C onstatic tin-lead alloys only. However 
the accuracy of the information obtained may be questioned as in each 
case the oxide layers were examined and analysed at roam tenperature.
2.6.2 Kinetic Studies
The oxidation kinetics of static melts of tin-lead alloys in air or 
oxygen at temperatures above 295°C are given in Table 2.
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Table 2
The Oxidation Kinetics of Tin-Lead Alloys
Reference/ Tenperature Alloy Experimental Atmosphere* Results
Year '°C Corrposition Method
■ .(48)
Spinedi Melting
1956 point to 
800
Various Continuous Oxygen
gravimetric 
with increas­
ing tenperature
Abrupt increase 
in oxidation rate 
at 775°C using 
63% tin-37% 
lead alloy
Kurz and .. 295 to 
Kleiner(66) 4 2 0  
1971
60% tin- 
40% lead
Optical Air Parabolic rate
Tomlinson 550 to
and Martin 650 
(75)
1979
50% tin- 
50% lead
Continuous Air 
gravimetric
Linear rate 
above 575°C
*Atmospheric pressure unless stated
In view of the terrperatures used in the investigations shown in Table 
2 it is clear that Kurzand Kleiner's work(6 6) j_s the most xeifcv/fttvtir
with respect to the present study. These investigators assumed on the
basis of the parabolic oxidation kinetics they obtained that diffusion 
4+of Sq in the predominantly SnC>2 layer is rate controlling for the 
oxidation of 60% tin-40% lead alloy. Consequently it is of interest 
to conpare the parabolic oxidation rate constant determined for the 
alloy and pure tin under the same experimental conditions.
Therefore, at 350°C kp = 8.0 x 1 0--*-2g2cm- 4 sec-If or the alloy (6 6 ) 
and kp = 1.7 x 1 0--^ g2 cm-  ^sec--*- for tin(85) # The corresponding values 
of Activation energy are Q = 18 - 2.0 K cal mole-'1' for the alloy
and Q = 20 i * 2.0 KT cal mole“l for tin (85 )  ^jn view of the different 
techniques which were used to determine these data i.e optical and 
gravimetric techniques, the agreement is satisfactory and indicates, 
therefore, that the same mechanism controls the rate of oxidation of 
the alloy and the metal.
A considerable change in the oxidation rate of 60% tin - 40% lead alloy 
as a result of adding between 0.0003% and 0.0014% of phosphorus and 
up to 1 .0% of aluminium and zinc was reported at temperatures up to
. Similar effects were determined using additions 
of 0.0008% of gallium and 0.004% of germanium^ ^  . In each case free 
energy data was applied and these effects were attributed to the 
selective oxidation of the addition elements. However supporting an­
alytical data was obtained in only one case^^.
2.6.3 Oxidation Products Formed on Liquid Tin-Lead Alloys 
The results of a number of investigations carried out to determine the 
oxidation formed on static melts of several tin-lead alloys at various 
temperatures in air are summarized in Table 3. It is shown that the 
oxide layer formed on tin-lead alloys below 400°C may be composed of
SnO, Sn0 2 or a mixture of these oxides with SnC>2 being the more stable 
oxide at higher temperatures(66)(72).
Table 3 Oxidation Products Formed on Liquid Tin-Lead Alloys
Reference/ Temperature Caiposition 
Year °C of Alloy
Method Atmosphere Oxides Detected at
Room Temperature
Shimaoka 
& Yamai(72)
1955
220 to 500 65% tin - 
35% lead
Electron Air 
diffraction
Amorphous below 
240°C.SnO + £h02 at 
260°C to 440°C.
3x02 ab°ve 450°C
Shimaoka 
& Yamai(72) 
1955
260 to 500 35% tin - Electron Air
65% lead diffraction
Amorphous oxide 
below 280°C.Sn0 
+ SnC>2 at 300°C to
460°C.SrD2
470°C
Kurz and
Kleiner(6 6)
1971
295 to 470 6 0% tin
40% lead
Electron Air 
diffraction
SXO2
Tomlinson 
and Martin 
(75) 1979
550 to 650 50% tin -
50% lead
X-ray Air
diffraction 
and metal­
io graphic 
examination
Sn02 at 550°C. 
Sn02 + PbO above 
575°C
* Atmospheric pressure unless stated
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These results appear to be generally consistent with the data determined 
for the oxides which shows that SrO 'transforms to produce SrcO and 
tin at temperatures between 175°C and 430°C (117) (118) (126-136 )#The 
dissociation of SnO is dealt with in the followirg ^ section on the oxidation 
of tin.
Theq.iasL — binary PbO-SnO portion of the Pb-Sn-0 equilibrium diagram 
shown in Figure 3^ -^ )^ . The most notable features shown are the existence 
of a eutectic at 1.3% SnQ, and the spin, el 2PbO. SnO> . The results 
of the analyses shown in Table 3 were generally interpreted in terms
of the selective oxidation of tin in tin-lead alloys by applying free
- . (66)(72) energy data .
It is apparent that very few investigations have been carried out to 
determine the effects of doping on the composition of the oxide layer 
formed on tin-lead alloys. An XPS study of the oxide formed on 62%- 
38% lead alloy at 260°C showed the presence of phosphorus, germanium 
and gallium which had been added to the alloy in quantities up to
0.01% . The results were interpreted using free energy data which
showed that selective oxidation of the additions should occur ^ I 
Support for this interpretation was obtained using X~ray diffraction 
and chemical techniques.
It may be concluded from the data reviewed in this section that
i) the effects of agitation on the oxidation rate of tin- 
lead alloys have not been determined.
ii) The oxidation rate of static melts of 60% tin
-40% lead alloy may be controlled by the diffusion of tin 
ions through the oxide layer formed below 400°C .
It seems probable that the same mechanism controls the 
oxidation rate of the alloy and pure tin.
I
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Figure 3
The Quasi— &tnary PbQ-ShQ? Portion of the Pb-Si-0 System at
Atmospheric Pressure^
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iii) The oxide lapr formed below 400°C may consist of SrD,
© 2 or a mixture of these oxides. The results may be explained 
by applying free energy data.
iv) The effects of doping on the oxidation rate. of tin-lead 
alloys and the composition of the oxide may be interpreted in 
terms of the selective oxidation of one component by applying 
free energy data.
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2.7 The Oxidation of Liquid Tin
2.7.1 General
In this section the kinetic and qualitative data determined using liquid 
tin are reviewed. The free energies of formation and relevant data for 
tin oxides are also given.
A proposed mechanism of oxidation for tin is discussed and then considered 
in the light of relevant diffusion data. The literature shows that kinetic 
data has not been determined using agitated melts of tin or static melts 
at temperatures below 325°C. It is also shown that qualitative data have 
been obtained using the oxide formed above 235°C on static malts of tin.
The oxide layers were analysed and examined at roan temperature and elevated 
temperatures.
2.7.2 Kinetic Data
The oxidation kinetics of static melts of tin in air or oxygen are given 
in Table 4. The data shows that the oxidation rate, of tin obeys the parabolic 
or linear laws depending on tenperature .With regard to the present study it 
is' the. lower, temperature parabolic oxidation kinetics which are of interest.
Gruhl and Gruhl proposed that the diffusion of Sh^+ to the Sn02
/air interface is rate controlling for tin at temperatures between 325°C 
and 450°C. Their proposal was based on,
i) The parabolic oxidation kinetics and the analytical data 
obtained .
ii) The belief that the larger radius of 0^“i.e 1.35A
° 4+(138)compared to 0.74 A for Sn , favours cation diffusion.
Hc^v'ef ionic diffusion depends oa oxdde structure. As \M<>(Las ioh S\Z£^.
More recently Lindned has determined, using a radio-active tracer
technique, the diffusion coefficient of Sn in SnO n , D .4+
Sn
which may be expressed by the equation
D 4+ _ io  ^ 12600/RT 2 SG c 1
Sji ~ e (2.15)
Table 4 The Oxidation Kinetics of Liquid Tin
Reference/Year Tenperature Experimental Atmosphere*/ Results
°C Method Oxygen
Pressure
Bircumshaw and 400 to 800
Preston(74)
1936
'(85)
Gruhl and Gruhl 325 to 600 
1952
Manometric
with
decreasing
tenperature
Non-
continuous
gravimetric
Oxygen 
Initial P,°2
Irregular results, 
linear or
=6 .6  to 92.1 parabolic rates 
KPa
Air Parabolic rate 
up to 450°C. Linear 
at higher tenpe r- 
atures.
Q= 20 +2.0 Kcal
mole--*-
Bilbrey et al 550 to 900 Continuous Air 
(47) 1955 gravimetric
Irregular results < 
Linear or 
parabolic rates
Spine d ±(48) 
1956
232 to 900 Continuous 
gravimetric 
with
increasing
tenperature
Oxygen Reduction in 
oxidation rate 
at 500 to 580°C
Dicker.3 et al 400 to 600 Continuous Oxygen 
(8 8 )1 9 6 9 gravimetric
Irregular results . 
Linear rate 
independent of P° 2
* Atmospheric pressure unless stated
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where R = the gas constant and T = absolute tenperature. It is of 
interest therefore to corrpare values of the parabolic rate constant kp 
determined by experiment and calculated using the Mott-Gumey equation(14°);
kp — 4 fsn^  >2 E^ n.^+ g^ cnf^  sec“l .... (2.17)
where - is the weight fraction of tin in the oxide and ^ = the density 
of the oxide. However there is poor agreement between the resulting 
values of kp at 350°C i.e, kp = 1.55 x 10“ 12 g2 cnf-4 sec“l by experiment ( 
and kp = 3.24 x 10”-^- g^  cnT^  sec“-^- using the Mott-Gumey equation( 139).
The corresponding values of the Activation energies are Q = 20 t 2.0 
k cal mole-! for(^ 5) oxidation and Q = 12. * 3.0 k cal mole “1 for
Sn^ + d i f f u s i o n (1^ 9). These differences appear to cast doubts therefore on :• 
the mechanism of oxidation proposed by Gruhl and Gruhl(85)#
The effects of adding up to 1.0% of various metals to tin on the oxidation 
rate of the metal at 425°C were interpreted generally by applying free 
energy data which was supported by the results of X-ray diffraction ’
/ OC \
examinations and the Pilling and Bedworth Principle . It is interesting 
to note that in most cases the effect of an addition on the oxidation 
rate of tin was found to be independent of concen tration.
2.7.3 Oxidation Products Formed on Liquid Tin
The results of a number of investigations carried out to determine the 
oxidation products formed on static melts of tin at various terrperatures 
and oxygen pressures are sunmarized in Table 5. The results show 
that the oxide layer formed on tin below 400°C may be comp o.sed of SiO,
SnO 2 or a mixture of these oxides with Sno ^ being the more stable oxide 
at higher terrperatures and oxygen pressures (72) (121) (122).
It is interesting to note that similar results were reported using tin- 
lead alloys as described in subsection 2.6.3.
Part of the Sn-0 equilibrium diagram (128) (129) (135) (136) 
is shown in Figure 4 and relevant data for tin oxides are given in Table 
6 . Figure 4 shows the presence of Sn.^ O 4 at about 15 weight % oxygen but 
Platieeuw and Meyer were not able to confirm the existence of 
this compound.
Table 5 Oxidation Products Formed on Liquid Tin
Reference/ Tenperature Method Atmosphere/bxygen
Year °C Pressure
Jenkins (-*-41) 235
1935
Electron Air 
diffraction
Bircumshaw 400 to 800 X-ray
and Preston 
(74}1936
Oxygen Initial
°2 =
JcPa.
diffracton P^ = 6 .6  to 92.1
Gruhl & Gruhl 325 to 600 X-ray Air
(85)^ 952 diffracton
Bilbrey et 550 to 900 X"raY Air
al(47) 1 95 5 diffraction
Shimaoka &
Yamai(^ 2)
1955
235 to 500 Electron Air 
.diffraction
Tri n at(i2J-) 400 to 700 Electron Oxygen
1955 diffraction P0 2= 2 .6  xl0"4
to 0.66 Pa
Trillat, et 400 to 700 Electron Oxygen
al(122) 1955 diffraction PO2 = 2 . 6  x 1 0 2 
to 0.66 Pa
*Atmospheric pressure unless stated
.These results were obtained using elevated teiiperatures
The other results shown were obtained at room tenperature
Oxides Detected
Si O
S1P2
ano2
S1P2
%:0 up to 270°C. 
SpO + Sh-02 3t 
280°C to 380°C. 
1 ^0 2 above 390°C
Sn.0 at 400°C.
ShD + S1O2 
at 600°C+
$n0 at 2 . 6  x 1 0 "^  
Pa. •
Sn0 2 above 630°C 
at 0 .6 6  Pa +
Table 6 Data for Tin Oxides
Oxide Chemical Crystal Structure Colour Melting Point Molar Volume
Formula And Lattice cm3 mole
Parameters A
Stannous
Oxide
SnO Tetragonal a= 
3.796,
c — 4.816*0.01 
(142)(143)
Black Dissociates
between 175
and 430^ -^ “^ 
(136)
2 0 .6(63)
Stannic
Oxide
S1.O2 Tetragonal a= 
4.738,
c= 3.188*0.01 
(144)
White 1630±5(145) 21.5^ 63)
* Liquid tin = 12.05 (l4 )^
The transformation terrperatures for SnO to SnO> given in Table 6 were 
determined in most cases using /^ -ray diffracton techniques at roan 
tenperature although chemical analysis, thermo gravimetric analysis, 
differential thermal analysis, 'vapour pressure and electrical resistivity 
techniques were also used. Savina et al (*27 Suggested that the wide 
variation in the transformation tenperature of SnO is a function of 
the time dependence of the dissociation reaction which is supported 
by the reults of another work (135) . However it seems equally likely 
that the wide range of techniques used to determine the data may account 
for the large spread of results. In addition it is interesting to 
note that in free energy terms the driving force for the transformation 
of SnO to SnO 2 is very low i.e. A G° + 3.C k cal/g mole of O?
2Sn + 02 = 2 SiO
at 200°C 
-113.0
:n + o. Sn02 -115.0
2SU0 = S;C>2+Sn - 2.0
460°C
- 100.8
- 102.2 
- 1.4
(2.17)
(2.18) 
(2.19)
The effects of adding up to 1.0% of various metals to tin on the 
conposition of the oxide formed at 425°C were generally explained by 
applying free energy data and this explanation was supported by the 
results of X-ray diffraction examinations  ^^  \
It may be concluded from the review above that,
i) The effect, of agitation on the oxidation rate of tin
has not been determined.
ii) The precise nature of the mechanism which controls the
oxidation rate of tin below 400°C is uncertain although a diffusion 
mechanism has been proposed.
iii) The oxide layer formed below 400°C may consist of SnO, 
or a mixture of these oxides.
iv) The results of doping on the composition of the oxide and
the oxidation rate of tin were interpreted by applying free
energy data and the Pilling and Bedworth Principle.
Figure 4 Part of the Sn - 0 Equilibrium Diagram at 
Atmospheric Pressure (128)(129)(135)(136)
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2.8 The Oxidation of Lead
2.8.1 General
In this section the kinetic and qualitative data determined using liquid 
and solid lead are reviewed. The free energies of formation and relevant 
data for lead oxides are also given. Furthermore the mechanisms of 
oxidation proposed for lead are discussed and then considered in the 
light of relevant diffusion data. The literature shows that the oxidation 
of lead has been extensively studied at temperatures up to 800°C and 
it is of particular interest that several investigations were carried 
out using agitated melts. Qualitative data have been obtained using 
the oxide formed on lead up to 800°C although in all cases the examinations 
and analyses were carried out at room temperature and consequently 
the accuracy of the information obtained may be questioned.
The following 2 subsections are concerned with the oxidation of liquid 
lead.
2.8.2 Kinetic Data for Liquid Lead
The oxidation kinetics of static melts of lead in air or oxygen are 
given in Table 7. The data shows that the oxidation rate of lead 
obeys the parabolic or linear law depending on tenperature. With regard 
to the present study it is the lower temperature parabolic oxidation 
kinetics which are of interest.
It was assumed on the basis of parabolic oxidation kinetics and analytical
data that diffusion of Pb in PbO is rate controlling for lead below 
(64)(87)
450°C. This assumption was made in the belief that metal ion diffusion
is much more likely to be rate controlling in metal oxides generally
2-owing to the large radius of 0 (see section 2.7.2). However, this
(146)
assumption was shown to be incorrect by Lindner and Terem who found
2+
using a radioactive tracer technique that the diffusion of Pb in 
tetragonal, o< - PbO takes place too slowly to account for the experimental 
data. Their results shows that,
Dph 2+ = 1.1 x 10" 1 1 - 13000/RT _ 2 _i
ITU za r m  ^  c o ne cm z sec ±  (2 .2 0 )
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Table 7 The Oxidation Kinetics for Liquid Lead
Reference / Year Tenperature Method Atmosphere*/
°C
Krupkowski & 
Balicki( ^2) 1937
BLrcnmshaw & 
Preston(7° ) 1 9 3 8
470 to 626 Non-
continuous
gravimetric
500 to 700 Manometric
with decreas­
ing pressure
Oxygen
Results
Parabolic rate . 
Q=31_,+4.0 Kcal rnole--^
Oxygen Parabolic rate
Initial initially followed
P02=13.2 to by log P0 2=kt+C 
54.1 Kpa
Gruhl(^7)1 9 4 9 4 0 0 to 600 Non-continuous Air
gravimetric
Hofmann & 400 to 750 Continuous Air
Malilich(64) 1951 gravimetric
and optical
Weber & Baldwin 350 to 800 Continuous Air
(1 2 0 )1 9 5 2 gravimetric
Lindner & Terem 327 to 600 Continuous Oxygen
(14 8 )1 9 5 4 gravimetric
Spinedi(48)i956 327 to 700 Continuous Oxygen
gravimetric 
with increasing 
tenperature
Archbold & 453 to 643 Optical
Grace(65) 1958
Air
Parabolic rate up 
to 45o°C.Linear rate 
at higher tenperature 
0=21 • +3.0 Kcal mole”-*-
Parabolic rate 
below 520°C
Parabolic rate
Parabolic rate.
0=13 .±3.0 Kcal mole"
Decrease in oxidation 
rate at 475°Cto 575°C
Parabolic rate.
0=13 ±3.0 Kcal mole“l
* Atmospheric pressure unless stated
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where Dpb2+ = the diffusion coefficient of Pfc>2+ in oc - PbO 
between 200°C and 460°C.
Several years later Thompson and Strong(149 ) using a similar technique 
found that,
d0 9- = 5.39 x 10" 5 - 22400/RT _o , ^ e cm z sec -1  (2 .2 1 )
where D02- = the diffusion coefficient of O^- in orthorhombic7^  - PbO 
between 500°C and 650°C . Using equation (2.21) the investigators were able 
to show satisfactory agreement between values of kp determined 
experimentally e.g kp = 5.0 x 1 0“ H  g^  cm“4 sec“l (87) and calculated 
using the Mott-Gumey equation(140) i.e kp = 7.9 x 10“ H  g2 cm“4 sec“l 
at 500°c(149) * Furthermore the activation energies for the oxidation 
reaction and O^diffusion were found to be similar i.e 21. 1 3.0 k cal
mole“l (87) 22 ' * 1.0 k cal mole“l (149) respectively. Therefore
Thompson and S t r o n g (149) concluded that 0^“ diffusion is rate controlling 
for the oxidation of lead.
It is interesting to note that the atomic radii of 0^“ and Pb^+ are 
almost identical (138) so that 0^“ diffusion in PbO may be expected to 
be rate controlling in view of size and mass consideration^^In addition 
it was found that Q for diffusion was similar to Q determined for the 
oxidation of other metals where vacancy mechanisms were believed to pre­
dominate and therefore it was concluded that 0 “^ diffusion in >^-PbO 
occurs via a vacancy mechanism ( 149).
The effects of doping on the oxidation rate of static melts of lead have 
been extensively studied using gravimetric(51) (64) (87) (101) (109) (110) 
and optical methods(84) (101) (109-114) temperatures between 350°C 
and 800°C. In sane cases the results were interpreted by applying 
free energy data which was supported by the results of X-ray diffraction 
examinations, and the Pilling and Bedworth Principle(64)(87).
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It is interesting to note that the effects adding antimony, zinc,
copper and arsenic to lead on the oxidation rate of the metal were
found to be highly dependent on concentration but discussion of these
effects could not be found in the literature. In another case, the
effect of adding antimony on the oxidation rate of lead was explained
(21)in terms of Hauffe's application' ' of the Wagner oxidation theory 
which was discussed in subsection 2 .3.2^^^.
The effects of doping on the oxidation rate of agitated melts of lead
at temperatures up to 420°C have been investigated using gravime::tric 
(50-56)
methods . A comparison of the results obtained using static
and agitated melts of lead at 400°C containing 0.1% additions of various 
elements was mentioned in subsection 2.5.4.
2.8.3 Oxidation Products Formed on Liquid Lead
The results of a number of investigations carried out to determine 
the oxidation products formed on static melts of lead at temperatures 
above 330°C in air or oxygen are sunrmrized in Table 8 . The results 
show that the oxide layer formed on lead below 450°C may be composed 
of tetragonal cx-PbO or a mixture ofoc-PbO and orthotharbic -Pb.O^ 72) (87) (120) ^ 
These results, therefore, appear to be inconsistent with the data determined 
for lead oxides given in Table 9 which shows that the tetragonal mod­
ification of PbO is stable below the range from 486°C to 587°C^^^^^\
No attempts were made however to explain this discrepancy although 
it is interesting to note that - PbO was detected only in the oxide
/Tn}(87)
layers formed initially on lead at temperatures below 450°C M . 
Furthermore it may be important to note that the data given in Table 
9 apply to a.tmospheric pressure and were determined using a range 
of techniques including X-ray diffraction, chemical analysis, thermo- 
gravimetric analysis and differential thermal analysis as this may 
explain, therefore, the wide variation in the dissociation 
temperature ofo(-PbO.
Table 8 Oxidation Products Formed On Liquid Lead
Reference/ Tenroerature Method Atmospheric Oxides Detected At
v C Oxygen Room Temperaturei sax -n...............Pressure
Bircumsh
Preston 1938 500 to 700 X-ray diffraction Oxygen
Initial
PO? =
6 . 6  to
92.1 K Pa
Separate layers of 
c* - PbO + p - PbO
Gruhl(87) 1949 400 to 600 X-ray diffraction Air Initially/? - PbO then 
c< - PbO below 450°C.
(3 - PbO +<x -Pb0+Pbo04 
at 450 C to 550°C. 
p>- PbO above 550 C
Weber & Baldwin 
1952
330 to 800 X-ray diffraction Air <X -PbO below 450 C. 
p> - PbO+x -Pb0+Pbs04  
at 450°C to 575 C . 
p -PbO above 575°C
Shimoo&xL* 340 to 700 Electron diffrac- Air
Yamai ^  1955 tion
(Z -PbO+c< -PbO up t o 
490°C. -PbO above 
500° C
* Atmospheric pressure unless stated
Part of the Pb-0 equilibrium diagram is reproduced in Figure 5.
The diagram shows that in addition to PbO and Pb^O^ the existence 
of several other lead oxides is known(-^4)(157)  ^ it is interesting
to note that free energy changes for the formation ofoC-PbO and 
p - PbO are very simikr i.e/\G° + 3.0 k cal/g mole of *
at 200°C. 460°C
2Pb + 02 =2 oc - PbO -82.2 -70.3............. (2.22)
2Pb + O2 =2J3> - PbO -81.7 -70.0 .......(2.23)
Also/3Pb -+ 202 =Pt>304 -65.5 -53.5 ..... (2.24)
Table 9 Fundamental Data for Lead Oxides
Oxide
Lead
Monoxide
Lead
monoxide
Chemical Crystal Structure Colour Melting Molar Volume
Formula and Lattice Point °C criP mole--*-*
PbO
PbO
Parameter A
<*■, tetragonal a= 
3.968, 0 = 5.011*
0 .0 0 2  t158)
p ,orthorhombic 
a=5.459,b=4.723 
c=5.859* 0.002.'158}
Red Dissociates 23.7 (63) 
at 486 to 
587(150-156)
Yellow 886 ± S^ 116) 23.3(63)
Minium Pb304 Tetragonal a=8.815 Red
c=6.565 ± 0.002(159)
Dissociates 25.3
at 570 ± 10 
(160)
* Liquid lead = 19.5 (*46)
T
E
M
P
E
R
A
T
U
R
E
44
Figure 5 Part of the Pb - 0 Equilibrium Diagram at 
Various Pressures
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The effects of adding up to 1.0% of various metals on the 
composition of the oxide formed on lead between 400°C and 520°C 
were explained by applying free energy data which was supported by 
the results of X-ray diffraction examination (64) (87)  ^ ^
expected it was found using X~raY diffraction that agitation in the 
melt did not appear to affect the composition of the oxide formed on 
lead containing various additions at 420°c(52)(56)  ^ rj^ following
subsections are concerned with the oxidation of solid lead.
2.8.4 Kinetic Data For Solid Lead
The literature shows that a considerable amount of work has been 
carried out to determine the oxidation kinetics of solid lead in air 
or o x y g e n 120) (161-169) although only the results obtained at 
the temperatures of interest in the present study are listed in 
Table 10. The results show that the oxidation rate of lead obeys the 
parabolic law at temperatures above 227°C using atmospheric 
pressure(1Q)(i20)(161)(163)•
Bagshaw et al(161) and Hapase et al(163) proposed that 0 “ 2 diffusion 
in**-PbO or p> -PbO respectively controls the oxidation rate of 
lead on the basis of a comparison of their results with diffusion data 
for lead oxides (149) m jn the first case the oxide was positively 
identified using X-ray diffraction but Hapase et al^63) assumed that 
ft -PbO formed as a result of the yellow appearance of the oxide.
In order to be consistent with the different defect structures of 
(X -PbO and p> -PbO it was proposed that O^- diffusion is rate 
controlling via interstitial sites inc<-Pbo(-*-61) and via vacancies in 
-Pbo(163)# Bagshaw et al(161) also pointed out that their proposed 
mechanism was consistent with the positive dependence they obtained ; 
for the oxidation rate of lead above 240°C on oxygen partial pressure.
At lower oxygen pressures i.e below 1 pascal, the results given in 
Table 10 show that the oxidation rate of lead obeys either the linear 
or logarithmic laws(162) (164) (165) ^ The linear kinetics were 
interpreted on the basis that the dissociation of oxygen molecules . 
at the surface of the lead is rate controlling (164)^
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Table 10 The Oxidation Kinetics of Solid lead
Reference / Year Temperature Experimental Method Atmosphere / Results
Pilling and
Bedworth^3-01
1923
300 Non-cont inuous 
gravimetric
Weber & Baldwin 254 to 
(120)1952 321
Continuous
Gravimetric
Anderson & Electrical
Tare^3-^ ) 1964 183 to 275 resistance
Hapase, 227 to 307 Continuous
Gharpurey & Gravimetric
Biswas (^ -63) 1968
Bagshaw, 240 to 327 Continuous
Feeney & Harris Gravimetric
(161)1969
Oxygen Pressure
Air Parabolic
rate
Air Parabolic
rate
Oxygen Linear rate
P0 2=1 . 3  x above 230°C.
10“ 3 to Rate is
1 Pa proportional
to first
power of P02.
0=1 1 . +1 . 0
Kcal mole--1-.
Loarrate below 
^  100°C
Oxygen Mainly
Pq2=4 parabolic.
JCPa Q= 24 +0.5
Kcal mole- 3
Parabolic
rate.
Air, 0+25, +2.0 Kcal mole- 3 
95% Nitrogen—
Oxygen Mixture,
Q=30 ±2 . 0  Kcal mole- 3
Qxygen,
0=24 i +2 . 0  Kcal mole- 3
* Atmospheric unless stated
It is interesting to note that Hope(165' failed to find any oxidation 
theory which would account for the kinetic data he obtained at 
temperatures below 150°C using alloys ellipsometric and resistance 
techniques i.e a logarithmic oxidation rate with a positive dependence 
on oxygen pressure. Instead the data was explained in terms of changes 
in the conductivity and refractive index of the lead substrate close to 
the Pb/PbO interface due to the absorption of oxygen by the metal. 
Eldridge and Dong(162) however obtained a logarithmic rate law with a 
negative dependence on oxygen pressure using similar experimental 
conditions and techniques.
Eldridge(170) analysed the data and proposed an oxidation mechanism 
which involved the generation of 02- vacancies at the Pb/PbO interface 
and the electric field assisted transport of the vacancies across the 
oxide layer. One possible significant difference between the 
investigations by Hope(165)and Eldridge and D o n g (162) ^  the
thickness of the lead films which were oxidised.
2.8.5 Oxidation Products Formed On Solid Lead'
The results of a number of investigations carried out to determine 
the oxidation products formed on solid lead at temperatures above 275°C 
in air or oxygen are summarised in Table 11.
It is shown that the oxide layer formed on lead at terrperatures above 
240°C using atmospheric pressure consists ofoc-Fbo(10)(120)(161)
At lower oxygen pressures, however, the oxide layer was found to 
consist ofp>- Pb0(162-165)# The occurrence of jb -PbO is interesting as 
it was shown in subsection 2.8.3 thatc*. - PbO is the stable modification 
of PbO below 486°C under atmospheric pressure(150-156) . It may be 
concluded, therefore, that the transformation temperature fore*- -PbO 
to jS - PbO is highly dependent on oxygen pressure.
The literature shows that very little work has been carried out to 
investigate the effects of doping on the composition of the oxide formed 
on solid lead. However it is interesting to note that the effects of 
adding 3% of tin to lead on the composition of the oxide formed at 
temperatures up to 200°C in air were explained by applying free 
energy data which was supported by the results of an XPS examination 
i.e only tin oxide was formed
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Table 11 The Oxidation Products Formed on Solid Lead
Reference/ Year Temperature Method , Atmosphere*/Oxygen Oxides Dectected
°C Pressure At Roan Temp.
Pilling and, 
BedworthQG) 1923
300 Visual Air 
examination
Red oxide 
(reported«.-PbO ?
Weber and 
Baldwin (120) 
1952
254 to 321 a -ray Air
diffraction
oi - PbO
Bagshaw, Feeney 240 to 327 )(-ray Air
and Harris(161) diffraction Oxygen
-*-969 9 5% Nitrogen-
Oxygen mixture
oL -PbO 
c* - PbO 
pt, -PbO
Anderson and 
Tare (1^ ) 19 64
230 and 
275
Electron Oxygen
diffraction PO2=1 .3xl0 ” 3 
and thermal to 1 Pa 
e.m.f
- PbO
Hapase, 
Gharpurey and 
Biswas(163) 
1968
227 to 307 Visual Oxygen
examination P0 2=  ^^ Pa 
calculated 
from weight 
of oxygen
Yellow oxide 
p> -PbO?
* Atmospheric pressure unless stated
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2.9 The Aims And Scope of the Present Study
The literature survey has shown that no theories have been proposed 
specifically to account for the kinetic data determined using liquid 
metals and alloys. However in a number of cases the oxidation kinetics 
were interpreted using the theories developed for solid metals and 
alloys although this interpretation was found to apply to static melts 
only. For exanple, the Pilling and Bedworth Principle has been applied 
to interpret the effects of alloying on the oxidation rate of static 
melts of tin and lead (64) (85) (87)  ^jn addition the selective oxidation 
of one component in an alloy was often explained by applying free energy 
data.
It was shown that in general the oxidation kinetics of static melts
of metals and alloys obey the parabolic law and as a result diffusion
mechanisms were usually considered to be rate controlling. This was
also shown to be the case for liquid tin, lead, 60% tin-40% lead alloy
and solid lead at the terrperatures of interest in the present study
i.e below 400°C^  66) (85) (120) (148) (161) (163) . It ^  .
noting that the oxidation mechanisms proposed for solid metals and 
alloys at tenperatures below 450°C apparently do not apply, therefore, 
to liquid tin etc, as the proposed mechanisms normally require that 
a logarithmic type of rate law represents the kinetic data.
The aims and scope of the present study can now be defined more precisely. 
The principal object of the work is to determine the factors which 
control the oxidation rate of agitated tin-lead alloys at soldering 
tenperatures. It has been shown that no kinetic data ha^ebeen determined 
for agitated melts of tin-lead alloys or pure tin although data are 
available for agitated melts of lead.
The lead melts, however, were agitated using a current of oxidizing 
gas and it has been shown that the mechanism vhich controls the oxidation 
of an agitated melt depends on the nature of the agitation. Therefore, 
the data obtained using agitated melts of lead may not be relevant 
to the present study which is concerned with stirred melts as in wave 
soldering.
It is also interesting to note from the literature survey that factors 
other than the oxidation rate of an agitated melt may control the drossing 
rate. Therefore it is intended in the present study to comment on 
the relationship between the oxidation and drossing rates of stirred 
tin-lead alloys.
The literature also shows that the mechanisms which control the oxidation 
rate of liquid metals and alloys can differ depending on whether the 
melt is static or agitated. This is not surprising as it may be expected 
that agitation disrupts the oxide and thereby interrupts the normal 
pattern of oxide growth. However few attenpts have been made to compare 
the kinetic data obtained using static and agitated melts. Furthermore, 
the oxidation rate of static melts of tin-lead alloys has not been 
determined at tenperatures below 295 °C. It is of interest in the present 
study, therefore, to also determine the oxidation rate of liquid tin- 
lead alloys under static conditions so that the effect of stirring 
the melt on the rate controlling mechanism can be determined.
In addition the oxidation rate of static melts of tin has not been 
determined at tenperatures below 325°C and very little kinetic data 
is available for static melts of lead at tenperatures below 400°C. 
Therefore it was decided to also determine kinetic data for static 
melts of tin and lead in the present study.
The literature shows that f ew attenpts have been made to understand 
the mechanisms by which agitated melts of non-ferrous metals and alloy 
oxidize and consequently it was felt that the results, of the present 
study may represent a worthwhile contribution in this field.
C H A P T E R  3
EXPERIMENTAL TECHNIQUES USED TO STUDY THE OXIDATION 
AND DROSSING OF AGITATED MELTS
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3.1 Materials
The tin and lead used in this investigation were supplied by 
Capper Pass and Billiton respectively and the analyses 
of the metals are shown in Table 12. The alloys were prepared by 
mixing tin and lead in required quantities. The tin content of the 
alloys was then checked by volumetric analysis using iodine.
The trace element shown in Table 12 were determined by Atonic 
Absorption Spectrophotometry. For part of this work it was necessary 
to add up to 0 .2% of various elements i.e copper, zinc,cadmium,aluminium; 
antimony, silver and phosphorus to 60% tin - 40% lead alloy. The 
additions were made directly to the alloy except in the case of 
phosphorus, where a 5% phosphorus -tin master alloy was used. Levels 
of the additions in the alloy were checked using Atonic Absorption
3.2 Quantitative Studies
3.2.1 General
The literature survey showed that the oxidation kinetics and metals
and alloys agitated by means of a stream of gas were determined
(49-61)by using gravimetric, volumetric and the thermal techniques v •
However in the present study it is intended to investigate the oxidation 
kinetics of tin-lead alloy melts which are stirred as in wave 
soldering. /
The wave soldering machine incorporates a complex . . oxidation and 
drossing system i.e one in which a number of oxidation and drossing 
mechanisms apparently occur simultaneously. The complexities of 
the wave soldering machine are shown by the appearance of the oxide 
and the dross which varies considerably according to the location 
in the solder bath . Consequently the wave soldering machine 
was considered to be unsuitable for use in the present study as it 
was essential to use a simplified system in which the conditions 
for oxidation and drossing are closely controlled.
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Table 12
Analyses Of The Tin And Lead
Element
Sn
Pb
Sb
Cu
A1
Cd
zn
Fe
As
Bi
Ni
Ag
Ti
Tin/ Weight %
99.96 
0.003 
0.012 
^ 0.005 
<  0.0001
< 0.0005
<  0.0001 
0.003 
0.005 
0.0003 
0.001 
0.001 
0.0005
<  0.001 
<  0.0001
Lead,Weight % 
0.005
99.97 
0.002 
<  0.001 
^ 0.0001 
<  0.0001 
<  0.0001 
< 0.0001
<  0.0005 
0.0007
< 0.001
0.012
0.0005 
< 0.001 
< 0.0001 -
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Of the techniques used to determine kinetic data for agitated melts 
the gravimetric technique appeared to be the most suitable to 
adapt in order to satisfy, the requirements of the present study
i.e by substituting a stirring system for a stream of gas.
This approach was also preferred to an adaptation of a technique 
which had been used previously with static melts only i.e. 
manometric,optical.or chemical techniques. Furthermore, the 
gravimetric technique offered the advantages of a high . level of 
accuracy and reliability.
The requirements of a technique suitable for use in the present study 
were therefore:
i) Quantitative data regarding the oxidation and 
drossing of liquid tin-lead alloys, tin and lead are 
to be determined using gravimetric means.
ii) The melts are to be stirred at tenperatures 
between 200°C and 400°C.
The final form of the technique devised for this purpose and the 
experimental procedure adopted are described in the following 
subsections.
3.2.2 General Description of the Stirring Technique 
A gravimetric non -continuous technique was used to determine 
quantitative data stirred tin-lead alloys, tin and lead. A  
diagram and a general view of the apparatus are shown in figures 
'6 and 7 respectively.
The specimen was contained in . a crucible which was
secured in position by means of a recess in a mild steel block.
The dimensions of the recess were such that a snug fit was 
obtained with the crucible and an anrrulus of KaowO.tfl.was placed 
around the block to reduce heat loss and consequently provide a 
more even distribution of tenperature in the specimen.
The block was situated on an electric hot plate and the temperature 
of the block was monitored using a Comark electronic thermometer 
and a chromel/alumel thermocouple.The thermocouple was secured inside 
the block to ensure that it did not obstruct the movement of the 
stirrer which was secured by a bracket to a C itento electric 
motor. The tenperature of the specimen between 200°C and 400°C 
was precalibrated against the tenperature of the block .
m
A - Motor 
B - Stirrer 
C - Thermocouple 
D - Electronic 
Thermometer 
E - Titanium Crucible 
Containing Molten 
Solder 
F - Hotplate 
G - Steel Block 
H - Insulation 
I - Clamp 
J - (l^ ulator
Figure 6
Diagram Of The Apparatus Used For Stirring Experiments
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Figure 7
General View Of The Apparatus Used for Stirring Experiments 
3.2.3 Apparatus Used For Stiixing The Melt
It was found that the capacity of the balance available for use in 
the present work was 150 g. In view of the high density of the
“3 “3 (f, 3'specimens i.e. 7.28 g cm for tin and 11.34 g cm for lead 
the use of a shallow dish-shaped crucible with low weight was 
therefore considered to be desirable. As no suitable container 
was available it was decided to deep draw the crucible from sheet 
material ..
57
Requirements of the material which may be used to fabricate the 
crucible were therefore:
i) High oxidation resistance up to 400°C.
ii) Insignificant interaction with liquid tin and lead
up to 400°C.
iii) H igh . ductility.
iv) Low density .
v) Availability in sheet form .
Consequently EN 58 A stainless steel and titanium were considered
as possible materials for this purpose and titanium was selected 
on the basis of its considerably lov^ r density i.e titanium = 4.54 g cxrf^  
EN 58 A = 7.92 g cm-3 (137)^  The titanium was supplied in the form 
of sheet thickness 0.038 cm and purity 99.99%. The largest punch 
available for deep drawing produced zuv internal diameter of 5.1 cm 
and depth of 1*5 cm.
It was then decided to check the oxidation resistance of the titanium 
by heating the crucible in air at 400°C +. 5°C and recording the weight 
gain at hourly intervals after cooling. An Oertling gravimetric 
balance of standard laboratory type accurate to 0 . 1  x 1 0 “^  g was 
used for this purpose. The results showed that no further changes 
in the weight of the crucible were detected after 10 hours (see Figure 
8 ) which is consistent with the logarithmic oxidation kinetics of 
titanium determined by Hurlen(172)
7.4399
2 7.4397
+j 7.4395
7.4393
Tine, hrs
Figure 8
Weight Gain of the Titanium Crucible With Time at 400°C ± 5°C
Examination of the crucible after cooling showed thata smooth, tenacious 
oxide layer completely covered the surface of the titanium. It was 
also found as expected that the oxidised crucible was not wetted 
by either tin or lead at tenperatures up to 400°C. Furthermore 
analyses of tin and lead specimens used in trial stirring experiments 
showed that the titanium content of the metals (see Table 12) had 
not increased as a result of contact with the crucible for one hour 
at 400°C. It was assumed therefore that dissolution of titanium 
in the specimen was negligible.
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Unfortunately, titanium rod was unavailable and therefore it was 
decided to produce the stirrer entirely using EN 58 A stainless steel. 
The stirrer blade was cut from sheet of thickness 0.05 cm to produce 
a shape of length 4.0 cm aid overall width 1.5 cm as shown in Figure 
9. Each end of the blade was twisted to an angle of approximately 
1 0° to the horizontal in order to increase the degree of agitation 
in the melt.
Figure 9
Diagram Of The Stirrer Blade Used to Agitate The Melt
The stirrer blade was fastened at the centre to one end of a rod 
of length 30 cms and thickness 0.2 cm by mans of a stainless steel 
screw. Prior to use the stirrer was heated in air at 400°C + 5°C 
for periods up to 10 hours. No changes in the weight of the stirrer 
as a result of heating were detected however using the Oertling 
gravimetric balance. Furthermore as expected it was found that the 
stirrer was not wetted by tin or lead.
Position of Stirer rod
1.5 cm
Trial runs showed that the rotation of the stirrer blade in melts 
of tin and lead was accurate to 1 rpm over the range of available 
speeds i.e between 15 and 100 rpm.
3.2.4 Msasurement and Control of Temperature
The Comark electronic thermometer was calibrated using the tin and 
lead from which the alloys investigated in the present study were 
prepared.
The temperature of the specimen was calibrated with the stirrer in 
position against the tenperature of the block over the range from 
200°C to 400°C. It was found in trial runs that the temperature 
of the stirred melt could be controlled to within +
2°C using the regulator shown in Figures 6 and 7.
3.2.5 Preliminary Experiments
3.2.5.1 General
A comparison of previous data (5.7) (61) g^o^^ that the nature of the 
agitation in the melt can determine the mechanism which controls the 
oxidation rate of a metal or alloy. Therefore preliminary experiments 
were carried out to determine the effects of certain factors which 
influence the nature of tie agitation on weight gain and the weight 
of dross formed for. example , the position of the stirrer blade in the 
melt. In addition the preliminary experiments were carried out to help 
establish the working conditions, the experimental procedure and 
to determine the accuracy of the results.
It was decided to use 60% tin - 40% lead alloy for the preliminary 
experiments as a result of tie extensive use of this alloy in wave 
soldering.
3.2.5.2 Effect of Using Different Methods to Separate the Dross 
From the Specimen
Three methods of separating the dross from the specimens for weighing 
were considered, i.e,
i) Using a stainless steel spatula after the specimen
had been remelted.
It was impossible however to avoid removing significant quantities 
of the specimen with the dross and therefore this procedure was not 
pursued.
ii) Filtering the specimen through a piece of stainless
steel gauze with a mesh size of 2 0 0 pm.
Using this method it was found that sane of the dross passed through 
the gauze. Consequently gauze with finer mesh size was used although 
it was found that globules of the specimen remained with the dross 
on the gauze after filtr ation. Therefore the use of the gauze to 
separate the specimen from the dross was discontinued.
iii) Removing the solidified specimen and weighing the dross
which remained in the crucible.
It was found that dross particles which adhered to the specimen could 
be removed easily by lightly tapping the solidified mass with a 
spatula . Therefore it was decided to use this method of separating 
the dross fron the specimen in subsequent stirring experiments.
3.2.5.3 Effect of Removing the Stirrer Prior to Re-Weighing the 
Specimen
It was originally intended to obtain the weight gain of the specimen 
by re-weighing the crucible and its content after the stirring experiment.
However when the stirrer was removed fron the bath it was found that 
particles of the specimen had adhered to the stirrer blade. Further­
more the particles could not be easily removed by lightly tapping 
the stirrer with the spatula. Removal of the stirrer therefore 
represented a possible source of error in weighing. Consequently 
it was decided in future experiments to weigh the stirrer with the 
crucible and its contents before and after the stirring experiment.
The described change in the procedure presented no difficulties as 
the stirrer could be readily detached from the bracket fitted to the 
motor shaft by loosening the small damping screw.
3.2.5.4 Effect Of Stirrer Position On Weight Gain And The Weight 
Of Dross Formed
In wave soldering an impellor is rotated below the surface of the bath 
in order to draw the solder upwards to form a standing wave. However 
in the present study only a very small gain in weight of 60% tin-40% lead 
alloy at 253 ±. 2°C was detected after 30 minutes with the stirrer totally 
submerged in the alloy and operating at a rate of 32 r.p.m as shown in 
Table 13. The results also show that increasing the stirring rate to 
88 r.p.m appeared to have no effect on the weight gain of the alloy under 
the described conditions. Furthermore an examination of the specimen 
after using the stirrer blade in the submerged position showed that no 
dross had formed in the crucible.
It was assumed therefore that using the conditions described above 
dispersion the oxide layer and mixing of the oxide fragments with the 
alloy did not occur. This assumption was found to be consistent with 
the results of observations carried out during the stirring experiments. 
Consequently it was decided to raise the position of the stirrer so 
that the blade operated in the plane at the surface of the specimen 
thereby producing a skirrrning action.
Further trial runs were carried out following the adjustment of the 
stirrer position as described above and the results are included in 
Table 14. In view of the significant weight gains of the alloy and the 
weights of dross formed it was decided to use this arrangement of the 
stirrer in subsequent experiments. Following the adjustment, the 
stirrer was secured in position by tightening a small clamping screw 
located in the bracket fitted to the motor shaft.
Table 13 The Weight Gain of 60% Tin- 40% Lead Alloy
Obtained After 30 Minutes At 253 t 2°C 
Using The Stirrer Blade In The Submerged 
Position
Pun Number Stirring Rate Weight Gain
± 1 r.p.m g
1 32 0.0004
2 32 0.0003
3 32 0.0006
4 32 0.0001
5 32 0.0003
6 88 0.0001
7 8 8 0.0003
8 8 8 0.0004
9 88 0.0001
10 8 8 0.0004
Table 14
The Weight Gain Of 60% - 40% Lead Alloy And The Weight 
Of Dross Formed After 30 Minutes At 253 — 2°C Using 
The Stirrer Blade Operating At The Surface Of The Alloy
Run Number Stirring Rate Weight Gain Dross Weight
± 1 r.p.m g g
11 32 0.0206 5.6709
12 32 0.0222 6.2421
13 32 0.0212 6.6684
14 32 0.0206 7.0532
15 32 0.0225 4.8296
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It may be . noted that the results given in Tables 13 and 14 are
total weight gains rather than weight gains per unit area. However the 
weight gain and the weight of dross may be expressed per unit area of 
surface which is effectively swept.
The effective area swept = total area swept - the area 
directly beneath the centre of the stirrer blade 
which is not in contact with the air.
Therefore the total swept area = IT . (h- distance between tips,of
stirrer blade )
= 12.56 an^
The area directly beneath the centre of the blade = the 
area of the circle of radius of half the length of one 
side of a square measuring 1 . 0  cm x 1 . 0  cm 
= 77* (0. 5)2 = 0.79 cm2
Therefore effective area swept = 12.56 - 0.79 = 11.78 cm2
It was decided that the results presented subsequently in this thesis 
will be expressed as the weight gain or the weight of dross per 
unit of effective area swept.
3.2.5.5 Effect.0£ Specimen Depth On Weight Gain And The Weight 
Of Dross Formed.
As the stirrer blade was adjusted to operate at the surface of the 
melt in subsequent stirring experiments it may be expected that 
the weight gain of the specimen and the weight of dross formed are 
independent of specimen depth. However as drossing progresses the 
volume of the specimen falls to a level which may be below that 
required to completely cover the base of the crucible. Therefore 
under these conditions the effective area swept would alter with 
time.
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The effects of specimen depth on the weight gain of stirred 60% 
tin - 40% lead alloy and the weight of dross formed at 295 ± 2°C 
are shown in Tables 15 and 16. The results show that a minimum 
specimen depth of 0.4 cm was required for use in the stirring experiments
3.2.5. 6 Conclusions
Results of the preliminary experiment show that a satisfactory
degree of accuracy was obtained using the describe stirring technique
providing that the initial specimen depth was not below 0.4 cm.
The limits which applied to the results shown in Tables 15 and
—3 —216 were found to be ,±.0 . 1 1  x 10 -:g/cm. for -
-2weight gain and ±0.15 g/cm for dross weight.
In view of the results of the preliminary experiments tie following 
experimental procedure was adopted for the stirring experiments.
3.2.6 Experimental Procedure And Description Of A Typical Run
The temperature of a steel block was set by adjusting the regulator 
on the front of the hot plate shown in Figure 6 and 7. When the 
block had reached the required temperature the liquid specimen was 
poured into the crucible to a depth of ^ 0 4  on. Prior to this operation 
an ink line was drawn on the inside of the crucible to mark the 
minimum depth.
The stirrerwBsplaced upright in the liquid specimen and the crucible, 
stirrer and its contents were transferred immediately to a bath 
of cold re-circulating water. The specimen was therefore cooled 
to ambient temperature by contact between the water and the exterior 
surfaces of the crucible. Trial runs showed that approximately 
2 minutes was required for the specimen to reach ambient temperatures 
After the specimen had cooled the crucible was removed from the 
water, dried thoroughly using tissue paper and immediately weighed 
to 4 decimal places using the Oertling gravimetric balance.
Table 15
Effect of Specimen Depth On The Weight Gain Of 
60% Tin-40% Lead Alloy at 295°C ±  2°C
Specimen Depth Stirring Rate Time Weight Gain
+ 0.05cm 1 1 r .p .m Mins x 10~3 cm~^
0.2 32 45 1.92 07
0.2 32 45 2.18 34
0.2 32 45 1.95 18
0.3 32 45 2.3415
0.3 32 45 1.9429
0 . 3 3 2 4 5 2 . 0564
0 . 4 3 2 4 5 2 . 9244
0.4 32 45 2.9971
0 . 4 3 2 4 5 3 . 0733
0 . 6  32 45 3.0271
0 . 6  32 45 3.0941
0 . 6  32 45 2.8967
Table 16
Effect Of Specimen Depth On The Weight Of Dross Formed 
Using 60% Tin-40% Lead Alloy At 295±2°C
Specimen Depth Stirring Rate Time Weight Gain
± 0.05 cm ± 1 r.p.m. Mins g
0.2 32 45 1.3527
0.2 32 45 1.0604
. 0.2 32 45 1.2886
0.3 32 45 1.3874
0.3 32 45 1.8115
0.3 32 45 1.7461
0.4 32 45 2.2410
0.4 32 45 2.2878
0.4 32 45 2.4372
0.6 32 45 2.3905
0 . 6  32 45 2.1510
0.6 32 45 2.2971
0.2 58 30 1.3820
0.2 58 30 1.6874
0.2 58 30 1.4006
0.3 58 30 1.8396
0.3 58 30 2.1104
0.3 58 30 1.8956
0.4 58 30 2.2278
0.4 58 30 2.4652
0.4 58 30 2.4212
0 . 6  58 30 2.4839
0.6 58 30 2.4745
0 . 6  58 30 2.3251
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Tbs crucible was heated * rapidly T using a Bunsen burner until
the specimen was completely molten and then transferred to the recess
in the block. The height of the stirrer was adjusted so that the 
blade operated at the surface of the specimen which was then left 
undisturbed for a period time sufficient for the specimen to obtain 
the required temperature between 200°C and 400°C. Trial runs showed
that a period of 5 minutes was adequate for this purpose.
The stirrer was then rotated for a period of between 15 and 60 minutes, 
using stirring rates of 20, 32, 58 and 88 r.p.m.A Standard laboratory 
Smith's stop-clock was used to time the experiments. At the end 
of each run the crucible was transferred back to the bath of re­
circulating water and cooled to ambient temperature. The stirrer, 
crucible and its contents were then re-weighed immediately after 
the exterior surfaces of the crucible had been thoroughly dried.
The dross was then separated using the technique described in sub­
section 3.2.5.2.
The experiments were repeated at least twice for any set of experimental 
conditions.
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3.3 Examination And Analyses Of The Specimens
3.3.1 General
The literature survey shows that very little work has been carried 
out to analyse and examine the oxides formed on agitated melts of 
metals and alloys. In such cases X-ray diffraction techniques were 
used (52)(56)^ However in studies involving the oxidation of static 
melts one or more of the following techniques were used i.e.
(i) X-ray diffraction(52)(56)(70)(74-76>(85)(87)(89>(;L20)
ii) Transmission electron microscopy and scanning electron
microscopy(27)
iii) Electron diffraction(66)(72)(121)(122)(141)
iv) Met autography (25)
v) X-ray Photoelectron Spectroscopy(26)
vij Chemical analysis (67-69) (76)
It was decided to apply a range of available techniques to the oxide 
layers in the present study. In this way it was hoped that useful 
information regarding the mechanisms of oxidation and drossing would 
be obtainedJhetechniques are described in the following subsections.
3.3.2 X-ray Diffraction
The literature shows that X-ray diffraction techniques have been 
used extensively to analyse and examine the - oxide layers formed 
on liquid metals and alloys.
In the present study the specimen was rotated through 90° in a Phillips 
Diffractometer operating at a voltage of 36 « V  and a power of 25 jv\A. 
The Diffractometer is a form of Debye-Scherrer camera which has the 
advantage that a trace of peak intensity against twice- the Bragg argle 
for reflection 2 . 6 is obtained continuously and automatically.
71
The characteristic spacings of the oxide may then be obtained
o
losing the values of 2.0 • Trial runs showed that a scanning speed 
of 2° per minute and a chart speed of 3.0 cm per minute were suitable 
for use in the present investigation.
The specimens at dross were poured into a rectangular recess measuring
1.5 cm x 1.0 cm x 0.1 cm deep in an aluninium plate, "and levelled usirg 
a glass slide. It was found however that the surface of the dross 
sample could not be adequately levelled owing to the presence of 
large particles in the dross. Consequently the dross samples were 
sieved using a ,300 jun mesh size to remove the larger particles.
It was found that the surface of the dross could then be successfully 
levelled using a glass slide.
The aluninium plate was secured in the centre of the diffractometer
?
by means of a spring clip mounted on the inside of the camera. -
3.3.3 Scanning Electron Microscopy
A number of specimens of dross were examined and photographed using 
a Cambridge 250 scanning electron microscope operating with a beam 
voltage of 2 0 K\/.
The purpose of the examination was to:
i) ' Gain a more precise appreciation of the variation
in particle shape and size which is evident from an examination 
of the dross using the unaided eye.
ii) Obtain more information regarding the morphology of
the dross particles. Such informat in may be useful with respect 
to the mechanisms of oxidation and drossing which apply in 
the present study.
An attempt was also made to examine specimens of dross using a 
magnification o* 5,000 x . However the examinations were discontinued 
as an image of the oxide could not be obtained.
3.3.4 Metallography
Metallographic examinations of a number of dross specimens were carried 
out to obtain information regarding the structure of the particles.
It was intended that the results of such examinations may compliment the 
results of the examinations carried out using :• thescannirg electron - .
microscope.
The dross specimens were mounted in bakelite and abraded in running 
water using carbarborundun paper in the order 220, 320, 400 and 600 grade.
The specimens were abra. ded on each paper until the scratches arising 
from previous abrading treatments had been removed. Specimens were rinsed 
in running water followed by acetone before drying in a blast of cold 
air.
Polishing of the specimens was carried out using rotating pads covered 
in selvyt cloth which had been previously smeared with diamond paste and 
lubricated with Hyprez fluid. Cloths treated with 6 pm, 3 pm and 1 pm 
diamond pastes were used in the order given. Polishing was continued 
until the scratches arising from previous polishing treatments had been 
removed. Care was taken to ensure that the specimens were cleaned thoroughly 
after polishing on each pad. The cleaning was carried out by washing 
the specimen with cotton wool soaked in Teepol, rinsing in water followed 
by acetone and then drying in a blast of cold air.
The polished specimens were examined in the unetched condition using 
a Leitz microscope and the features of interest were photographed using 
the built-in camera.
13
3.3.5 X  P S
This technique is based on the photoelectron effect (173j# Tjle samp]_e 
is irradiated with a monochromatic A^ -r ay beam and the ejected photo- 
electrons are analysed using an electron spectrometer which gives a 
spectrum showing intensity against the binding energies of the photo­
electrons which identifies the elements present. The depth of the 
electron levels depends in general on the energy of the X'-ray beam as 
well as the sample material.
3.3.6 Atomic Absorption Spectrophotometry
Specimens of dross were stirred for 15 minutes in an 0.1 molar solution 
of ethylene diamine tetra acetic acid which had been, adjusted to pH 12- 
13 using sodium hydroxide. This solution dissolves SnO and PbO which 
may be present in the dross. The tin and lead content of the solution 
were detemined usiog atomic absorption spectrophotometry and the levels 
of SnO and PbO in the dross were determined from the results. Tfc©
dross samples were sieved using the 1 0 0 mesh size.
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C H A P T E R .  4 
EXPERIMENTAL TECHNIQUES USED TO STUDY THE OXIDATION OF STATIC MELTS
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4.1 Quantitative Studies
4.1.1 General
The literature shows that gravimetric techniques were normally used to 
determine the oxidation kinetics of static melts of metals and alloys 
although mancmetric, optical and chemical methods ware also used.
In the present work it is intended to compare the quantitative data obtained 
using stirring conditions directly with corresponding data determined 
using static conditions. The results of such comparisons, it is hoped, 
would allow the mechanisms which control the oxidation rate of stirred 
tin-lead alloy melts to be determined. Therefore with this aim in mind 
and in view of the high level of accuracy and reliability of the gravi­
metric technique it was decided to use a Beckmann LM-600 electrc^ microbalance 
to determine the gravimetric data for static melts.
The technique and experimental procedure adopted are described in the 
following subsections. The materials used were those described in section 
3.1.
4.1.2 General Description Of The Gravimetric Technique
The apparatus used to determine quantitative data for static melts is 
shown in Figure 10 and the essential features are represented diagramatically 
in Figure 11.
The changes in weight of the specimen at constant temperature were 
recorded continuously and automatically with time. The specimen was 
placed in a crucible which was suspended us'inj a wire from one arm of the 
electromicrobalance enclosed in a steel case. The otter arm was counter­
balanced using a similar specimen arrangement. The specimen, the wires 
and the counterbalance were enclosed in tubular glassware which was 
connected to a vacuum unit. Using this apparatus oxidation experiments 
could be carried out under conditions of reduced air pressure i.e less 
than 3-00 Pa.
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A - Furnace G - Diffusion Pump And Baffle
B - Microbalance Case H - Water Cooling Pipe
C - Specimen Chamber I - Penning Gauge 8
D - Microbalance Controller J - Pirani Gauge 14
E - Vacuum System K - Speed Valve
F - Rotary Pump
Figure 10
General View Of The Apparatus Used To Determine The Oxidation Kinetics 
Of Liquid 60% Tin - 40% Lead Alloy, Tin And Solid Lead
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a
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Figure 11
Diagram Of The Apparatus Used To Determine The Oxidation Kinetics Of 
Liquid 6o% Tin-40% Lead Alloy, Tin And Solid Lead
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The temperature of the specimen was monitored using a chromel/alumel 
thermocouple which was contained within a glass sheath. The specimen 
was heated using a furnace which had been designed to fit concentrically 
around the lower part of the specimen chamber. The furnace was arranged 
to move in the vertical plane by means of a pulley system so that loading 
and removal of the specimen could be easily carried out.
4.1.3 Characteristics Of The Balance And Method Of Weighing 
The basic principle of operation of the Beckmann LM microbalance is by 
electro-magnetic balancing of an out of balance beam with the current 
required to restore equilibrium proportional to the out of balance torque. 
The beam, attached to a coil, is suspended ] in a permanent magnetic field 
by means of a torsion ribbon. A schematic representation of the electro­
microbalance is shown in Figure 12.
J
The arrangements of the balance is similar to a taut band galvanometer.
A mirror, fixed on the beam, reflects light from a lamp to a pair of photo­
cells connected in opposition. The photo-cell output is proportional 
in magnitude and direction to the beam in the out bf balance position.
The outof balance output is amplified and passed to the moving coil which 
tends to bring the beam back to the level position by means of a servo 
system. Since a finite photo-cell output is required to produce the 
required current • it is clear that a beam with an out of balance load 
cannot return exactly to the unloaded position. In the LM 600 system 
the amplifier gain is high enough to make this difference in beam position 
insignificant. The restoring current develops a potential difference 
across pre-set resistor and the voltage is measured by a chart recorder' 
or potenticmeter coupled to a weigh dial on the controller which gives 
a direct measure of weight gain. .
The LM 600 offered the advantage of a high sensitivity with a selection 
of inter-ca'librated weigh ranges. Therefore the balance could be 
calibrated on a higher range for convenience i.e using a 1 .0  x 1 0 “^  g 
weight, although a much more sensitive range was used in the oxidation 
experiments.
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The balance was calibrated using the following procedure. After the 
zero setting the balance had been checked the weigh dial was set to the 
exact value of the appropriate calibration weight specified in the 
calibration certificate supplied with the balance. The calibration weight 
was then placed in the crucible on the load side of the balance arm and 
the meter on the controller was brought to zero losing the calibration 
control.
It was evident from the weight gains obtained in the trial runs that the 
most sensitive weigh, range available would have to be used in the present 
study. The chart recorder was also calibrated for the recorder output 
shown in the microbalance manual so that a full scale deflection on the 
chart represented a weight change of 1 0 0 x 1 0“ ^ g.
4.1.4 The Crucible
As no suitable container was available for use with the electro- 
microbalance it was necessary to produce a crucible of the required 
dimensions and weight. Having established that silica is inert to liquid 
tin and lead at temperatures up to 400°C flat dish shaped silica 
crucible with an external diameter of 1 .2  cm was produced.
The crucible was supported on a stirrup made from fins.gauge stainless 
steel wire supplied with the balance by means of 3 equally spaced lugs 
which protruded directly outwards from the edges of the crucible. This 
arrangement allowed easy removal of the crucible and its contents frcm 
the specimen chamber . The stirrup was attached by a fine Nichrome 
wire of length one metre to the load a m  of the balance. A similar 
arrangement was applied to the opposite a m  of the balance in order to 
reduce the buoyancy effect which occurs when air is admitted to the 
specimen chamber.
m4.1.5 Control and Measurement Of Temperature
The furnace consisted essentially of a heating element measuring
12.5 cm in length which was wound from 80/20 Nichrome wire at 
5 turns per cm in the central band of a 7.5 cm diameter silica 
tube. The silica tube was mounted in a box with a length each 
side measuring 30 cms and the annular space between the element 
and the walls of the box was insulted with vermiculite. It was 
found that the temperature in the central zone of the furnace 
could be controlled to within ^ 2°C using an Ether Digi Controller 
and a chromel/alumel thermocouple mounted in contact with a furnace 
windings. The specimen temperature was measured using a Digitherm 
electronic thermometer and a chromel/alumel thermocouple situated 
in a glass sheath which was located at a distance of approximately 
1 cm from the centre of the crucible. The sheathed thermocouple 
was calibrated against the reference thermometer which was placed 
in an equivalent position to that occupied by the specimen. The 
difference in temperature between the two thermocouples
was found to be between 8°C and 10°C for the range 200°C - 400°C.
4.1.6 Preliminary Experiments
4.1.6.1 General . r _ '
Preliminary experiments were carried out to determine the accuracy 
of the weight gains recorded using the electromicrobalance and to 
establish the working conditions and the experimental procedure 
required to determine the oxidation kinetics of static melts.
For the purposes of the preliminary experiments it was decided to 
use specimens of 60% tin-40% lead alloy, tin and lead. As the 
capacity of the balance was approximately 1 .0  g it was essential 
to ensure that the forms of the specimen were such that an 
adequate surface area was exposed.
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4.1.6.2 Effect Of Using Different Specimen Forms In Initial Trials
A disc of 60% tin-40% lead alloy with a diameter of 1.0 cm and 
a thickness of 0.1 cm was heated in the specimen chamber at 295 ± 2°C 
for one hour in air using atmospheric pressure. However, it was 
found that the liquid alloy retracted into globules in such a way 
that the surface area exposed between specimens was evidently not 
constant 1 Therefore it was decided to devise a means of producing 
consistent and regular sized globules# :
From trials it was found that flat circular pellets of tin-lead 
alloy and tin which measured 0.4 cm in diameter and 0.17 cm in thickness 
were suitable for use in the present study. Pellets were chosen on 
the basis of the accuracy with which they could be reproduced to the 
required dimensions from rolled strip using a hand operated punch 
In order to ensure that the working capacity of the balance was not 
exceeded a maximum of 3 pellets was used for each run. It was found that 
the pellets had to be placed as far apart as possible in order to avoid 
coalescence of the globules. The arrangement of the pellets, the stirrup 
and the crucible is shown in Figure 13.
Balance Arm Nichrome. Wire
Counter Weight
Pellet
Lug Stirrup
V v Q y  Crucible
Stirrup
Plan View
Crucible.
Pellets
Figure 13
Showing Arrangement Of Specimen,Stirrup And Crucible
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Figure 14
Bead of 60% Tin-40% Lead Alloy Oxidised at 270 ifc 2°C For 30 Minutes 
Using An Air Pressure Of 250 j. 20 Pa x 27
The pellets melted to form beads which were approximately spherical 
in shape shown in Figure 14. Examination of the beads after cooling 
using the macro facility on the light microscope showed . a 
wrinkled surface entirely covered in an oxide layer. Measurement 
using a micrometer showed that the diameter of the beads was 0.34 ± 
0.01 cm.
2
Therefore the total surface area exposed = 3.4IT (0.17 )
= 1.09 ± 0.06 cm ^
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As lead melts at 327°C it was clear that the majority of experiments 
involving this metal would be carried out using a solid specimen.
Therefore it was decided to use a more conventional form of specimen 
and squares with sides measuring 1.0 ±.0.05 cm were cut from rolled 
lead strip of thickness 0.01 +. 0.001 cm for this purpose. Prior 
to oxidation the pellets and lead coupons were decreased in acetone 
washed in 5% nitric acid, rinsed in water and acetone before being 
stored in dry nitrogen.
In addition several runs were carried out to determine the oxidation 
rate of specimens of dross using the electro micro balance. The 
dross was prepared by stirring 60% tin - .40% lead alloy using the 
technique described in Chapter” / 3 • • at a rate of 32 r.p.m for a. period \
of 5 minutes except that a mesh size _of 200 fjp\ was used for 'sieving the 
dross.
The purpose of these experiments was to obtain an approximate measure. .
of the surface area of the dross i.e by corxelatirg jthe weight gain ■ :
per unit area - of the .alloy with the corresponding weight gain of a
known weight of % dross oxidised under the same conditions. It
was felt that this information may be useful in estimating the
total surface area of the alloy exposed as a result of stirring.
4.1.6.3 Effects of Air Pressure
As the princip.a4 reason for determining kinetic data under static 
conditions was to make direct comparisons with the data determined 
in stirring experiments initial trials were carried out using atmospheric 
pressure. However under such conditions wild fluctuations of the 
recorder pen occurred across the entire weight gain scale presumably 
as a result of convection currents in the specimen chamber.
Consequently it was decided to determine the oxidation kinetics 
of static melts using reduced air pressure and trial runs showed 
that pressures of below 300 Pa could be used.
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The schematic representation of the vacuum equipment used in the 
present investigation is shown in Figure 15.
Glassware \
FisxibLe
Connection
Penning gauge 8
Diffusion 
Valve
p- D  nPirani cpuge :ll
DiffusLon pump
Speed value
 j^ j Pirani gauge 14
Sacking and 
Ihughing value
Waste pipe
Figure 15
Schematic Representation Of The Vacuum System
It was found that the air pressure inside the specimen chamber could
be reduced to approximately 10 Pa within 5 minutes using the rotary
pump. It was found that the pressure could be reduced further to
-3
approximately 5.0 x 10 Pa after approximately 1 hour using the 
diffusion punp. Further pumping however produced only very small 
changes in air pressure inside the specimen chamber. Under these 
conditions it was shown in trial runs that specimens remained constant 
in weight and bright in appearance at temperatures between 200°C 
and 400°C.
8&
Therefore it was assumed that under the conditions of temperature 
and pressure described above:
i) The oxidation rate of the specimen was negligible.
ii) Loss in weight of the liquid specimens as a result of 
evaporation could be disregarded.
The run commenced when the pressure inside the specimen chamber 
was allowed to rise to 50 ± 10 Pa or 250 ±. 20 Pa. As the kinetic 
data required in the present study could not be obtained for static 
melts using atmospheric pressure oxidation experiments were carried 
out using two different air pressures. It was felt that a more 
fruitful comparison could be made between quantitative data obtained 
using static and agitated conditions.
Initial runs showed that when the air was admitted to tie specimen 
chamber a considerable loss in weight of the specimen apparently 
occurred due to buoyancy. This effect was such that the recorder 
pen immediately moved off scale and an adjustment of tie Tare dial 
on the controller was therefore necessary in order to record tie 
weight gain of the specimen with time. It was found that recording 
commenced after approximately 45 seconds and consequently it was 
decided to take readings from one minute after the air was admitted 
to the specimen chamber.
A typical trace is shown in Figure 16 for 60% tin - 40% lead alloy 
which was obtained at 295 +. 2°C using an air pressure of 250 ±. 20 Pa. 
The weight gains obtained for periods up to 30 minutes using 60% 
tin-40% lead alloy, tin and lead using an air pressure of 250 ±_ 20 Pa 
are given in Table 17.
It is not clear why tlhe initial stage of oxidation appears to show 
an increasing rate.
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Figure 16
Typical Trace Obtained For 60% Tin-40% Lead Alloy 295 +. 2°C
Using An Air Pressure of 250 ± 20 Pa
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Table 17
Weight Gains Of Liquid 60% Tin - 40% Lead Alloy, Tin And 
Solid Lead With Time Using An Air Pressure of 250 ± 20 Pa
i) 60% Tin - 40% Lead At 295±2°C
Timef mins 5 10 15 20 25 30
Weight Gain x 10“^g cm“  ^Run. 1 2^.5 42.5 48.0 58.0 60.5 67.0
Run 2 21.0 38.5 46.5 52.5 56.0 61.0
ii) Tin At 310 t 2°C
Time, mins 5 10 15 20 25 30
Weight gain x 10“^g cm“2 3 3 7 . 0  52.0 53.0 57.7 56.0 61.0
Run 4 32.5 49.0 49.0 51.0 51.5 56.5
iii) Lead At 270 ± 2°C
Time, mins 5 10 15 20 25 30
Weight Gain x 10-  ^ Run 5 16.5 24.0 28.0 30.0 31.5 33.0
Run 6 18.5 26.5 32.5 33.5 36.5 37.0
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4.1.6.4 Effects Of Vibration On Weight Gain.
It was noted that the jump in the graph shown in Figure 16 after 
approximately 9 minutes c^oincided with extraneous vibration.
Although steps were taken to reduce the possibility of vibration in the 
vicinity of the balance it was obviously impossible to eliminate all 
sources of vibration which may affect the smoothness of the traces 
obtained.
4.1.6.5 Effects Of Oxygen Consumption On Weight Gain
It was considered that the weight gain of the specimen may be affected 
by the inevitable fall in the partial pressure of oxygen in the specimen 
chamber which occurs as a result of oxidation. However it was 
estimated using typical weight gains obtained in trial runs that the 
consumption of oxygen was less than 1 0% of the total contained 
in the system. Therefore it was considered that the fall in the 
partial pressure of oxygen inside the specimen chamber was insignificant 
in terms of the requirements of the present investigation.
4.1.6.6 Conclusions
The results of the preliminary experiments show that a satisfactory 
degree of accuracy was obtained using the experimental conditions 
described in the preceding subsections using air pressures of between 
40 and 270 Pa. The limits which apply to the weight gains were found 
to be i  3.0 x 1 0 ”6g cnT^  at temperatures between 255°C and 310°C.
As a result of carrying out the preliminary experiments the following 
experimental procedure was adopted to determine the oxidation kinetics 
of static melts of 60% tin - 40% lead alloy tin and solid lead.
4.1.7 Experimental Procedure And Description Of A Typical Run
The pellets o”f 60% tin-40% lead alloy or tin were placed inside the 
crucible using the arrangement shown in Figure 13. The lead coupons 
were simply positioned so that they were supported on the . rim of the 
crucible. The specimen was then counter-balanced using a similar 
specimen arrangement and the glassware was reassembled. The Tare 
dial was then adjusted until the recorder pen was operating on the 
chart and a chart speed of 0.5 am per minute was selected.
The air inlet yalve on the side of the microbalance case was then closed 
and the system was roughed down to an air pressure of approximately 
10 Pa using the rotary pump with the speed valve open. The speed 
valve was then closed and the backing and roughing valve was switched 
to back. When the Penning 3 and the Pirani n  gauges were both showing 
pressures of less than 10 Pa the diffusion valve was opened to allow 
the pressure inside the specimen chamber to fall to 5.0 x 10 Pa.
The furnace had been preset to maintain the specimen at the required 
temperature during the oxidation experiments. When the Pirani 11 gauge 
was reading 5.0 x 10 . Pa the furnace was raised and pumping
continued until the q>ecirrBn pen showed a constant weight. The diffusion 
valve was then closed and the speed valve was opened. The backing and 
roughing valve was switched to rough and the diffusion pump and baffle 
were switched off. The air inlet valve was immediately opened very 
gradually to allow the air pressure inside the system to rise to 50 or 
250 Pa. The air inlet valve was then closed and the Tare' dial 
was adjusted to bring the recorder pen onto the chart. Care was taken 
to ensure that vibration was kept to a realistic minimum. ‘
The runs were repeated at least twice for each set of conditions.
A standard laboratory Smith's stop clock was used to time the 
experiments. After 30 minutes the furnace was lowered and the air 
inlet valve was fully opened when the temperature of the specimen 
had fallen to roam temperature. The specimen was then removed and 
stored in nitrogen prior to examination and analysis.
4.2 Examination And Analysis Of The Specimens
4.2.1 General
In subsection 3.3.1 the techniques were given which had been applied 
to examine and analyse the oxide layers formed on static melts of 
melts and alloys. Of these the literature shows that X-ray diffraction 
and electron diffraction techniques were the most carmonly used.
In subsection 3.3.2 to 3.3.6 inclusive several techniques were 
described which had been applied to examine and analyse the drosses 
formed using agitated melts of tin-lead alloys. It was also decided to 
apply more than one technique to examine and analyse the oxidised beads 
and coupons described in subsection 4.1.6.2 with the intention of 
obtaining useful information regarding the mechanisms of oxidation and 
drossing . The techniques were described in the following 
subsections.
4.2.2 Scanning Electron Microscopy
The oxidised beads were examined using a Cambridge 250 scanning electron 
microscope operating with a beam voltage of approximately 10 kV .
However owing to the irregular nature of the bead surface (see Figure 
14) it was possible to obtain images of the oxide layers formed on 
only a few specimens.
It was decided therefore to prepare a number of flat specimens by 
exposing static melts of 60% tin - 40% lead alloy to air for a period 
of 30 minutes at temperatures between 240°C and 335°C. The apparatus 
described in section 3.2 was used for the runs except that the 
stirrer was omitted. The oxidation experiment commenced when a fresh 
alloy surface was exposed to the atmosphere as a result of wiping the 
surface of the alloy using a stainless steel spatula, and concluded with 
rapid cooling of the specimen in cold water as described in sub­
section 3.2.6. Sections measuring approximately 1.0 cm x 1.0 cm were 
then cut from the specimens using a hacksaw and examined and photographed 
using the Cambridge 250 scanning electron microscope.
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It was found that an image of the oxide layer was obtained 
using magnifications in excess of 2,000 x . However despite 
using the relatively low beam voltage of 10 the near-eutectic 
structure of the alloy was also visible beneath the oxide. An 
example of this effect is shown in Figure 17. Close examination 
of the scanning electron photomicrograph reveals that the oxide 
layer consists of a covering of fine grains with a mean grain 
diameter of approximately 0.7 x 10 ~^cm.
Figure 17
Scanning Electron Photomicrograph Of The Surface Of 60% Tin-40% Lead 
Alloy Oxidised At 275 °C For A Period Of 30 Minutes Using Atmospheric
Pressure . x 2,400
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It was decided to check the results of the examination using 
the scanning electron microscope by attempting to remove the 
oxide layer by stripping and then carrying out examination of 
the layer using transmission electron microscopy. The stripping 
technique used in the present study is described in the following 
subsection.
4.2.3 The Technique Used To Strip and Examine The Oxide Layer 
Formed on Liquid 60% Tin - 40% Lead Alloy
Boggs and his co-workers  ^  ^have described a technique for removing
SnO layers formed on solid tin specimens at temperatures up to 
220°C.
The SnO layer was coated in Formvar and then Parlodion which 
reinforced the oxide layer. The coated oxide layer was then isolated 
by reaction of the tin with mercury. The Parlodion was dissolved 
by leaching the specimen with amyl acetate leaving the SnO layer on 
a Formvar substrate. Boggs and his co-workers (-*-74) used the o
technique described above to s trip SnO layers of less than 210 A in 
thickness.
It is of interest therefore to estimate the thickness of the oxide
layers formed on static melts of 60% tin - 40% lead alloy in the
present study. The results included in Table 17 show that the weight
gain of the alloy after 30 minutes using an air pressure of ISO ±ZO Pa 
_  - 6 - 2  
air  ^is 6 4.0 + 3.0 x 10 g cm . Furthermore the
literature has shown that the oxide formed under these conditions
is likely to consist mainly of SnO (72)(141)(121)(122).
Assuming that the entire weight gain of the specimen is due to
oxide formation and the density of SnO is 6.5 g cm “ 2 (63) .
o
the thickness of the layer is' therefore approximately ' 83 00 A. 
Consequently it was decided to investigate the possibilities of 
adapting the Gripping technique described above for use in 
the present study.
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In trials it was found that the oxide layers could be successfully 
removed from the alloy by applying a coat of Lacomlt to the oxidised 
surface and then placing the coated specimen in mercury. The 
Laccmit: backing layer was then dissolved using the procedure described 
below.
The section of the oxide coated in Laccmit and measuring approximately
0 . 1  cm x 0 . 1  cm was placed on a copper grid of the type used to 
support specimens during examination using transmission electron 
microscopy. The grid and the specimen were then placed on the 
highest point of a section of stainless steel gauze with a mesh 
size of 2 0 0 pm which was bowed upwards.
The gauze was situated in a Petri dish and ac e tone was added 
until the level of solvent just touched the specimen. After a period 
of approximately 15 minutes it was found that the Lacomit had 
dissolved leaving oxide layer and the grid on the gauze. The 
acetone was then discarded and replaced with fresh solvent in order 
to wash the specimen. The washing procedure was then repeated twice.
A preliminary examination showed however that only fragments of the 
oxide layer remained on the grid and it was necessary therefore 
to strengthen the oxide prior to dissolving the Laccmit. A degree 
of strengthening was achieved using a coating of Formvar which was 
applied to the Laccmit coated oxide layer by immersion of the specimen 
in a 1.0% solution of Formvar in chloroform. The specimen was 
passed through the Formvar solution floating on water using a slow 
downward action. The coated specimen was then removed from the water 
and allowed to dry naturally for a period of about 1 hour. The 
Lacomit was then dissolved using the procedure described above.
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It was found that strengthening the oxide layer using Formvar 
produced in sane cases areas of oxide layer which were of a 
sufficient size to be examined and photographed using a Joel 200 CX 
transmission electron microscope with a beam voltage of 160 K\f.
Using the described technique several transmission electron photo­
micrographs were obtained from which it was possible to make important 
comparisons with the scanning electron photomicrographs described 
in subsection 4.2.2. In addition to the transmission electron photo­
micrographs X-ray spectra and X-ray maps were obtained using the 
transmission electron microscope showing the distibution of tin and lead in' - 
the oxide layer.
4.2.4 X-ray Diffraction
The Phil ips diffractometer described in subsection 3.3.2 was used 
to analyse the oxide layers formed on lead coupons. ' ‘
The experimental technique and conditions were 
identical to those used to analyse the specimens of dross except that 
a different method of mounting the specimens in the aluminium plate 
was devised. It was found that the oxidised coupons could be gently ' 
wedged into the recess in the aluminium plate and retained in 
position during rotation of the plate through 90°.
It was decided to take advantage of the hot stage facility available 
with the diffractometer and to carry out a number of experiments using 
the lead coupons which had been cleaned and stored in nitrogen. It 
was intended therefore to analyse the oxide layers formed on solid 
lead in the diffractometer at elevated temperatures and then after 
cooling to room temperature. In this way any changes in the 
composition of the oxide which may have occurred on cooling should 
be evident from a caparison of the results.
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In the hot stage experiment the lead coupons ware heated as rapidly 
as possible i.e at approximately 2 0°C per minute, to temperatures 
between 250°C and 300°C. By applying a reference thermocouple it 
was found that the temperature of the hot stage in the diffractometer 
could be controlled to within + 2°C over the range of
temperature used in these experiments. The specimens were analysed 
after 30 minutes at the temperature of the experiment and then after 
the hot stage had been switched off and allowed to cool to 
ambient temperature. At least 2 runs were carried out for any set of 
experimental conditions.
C H A P T E R ______5
RESULTS FOR STIRRED MEr.LTS
stirred melts was described in Chapter 3.
In this chapter the effects of time, temperature, additions and 
stirring rate on the weight gain and weight of dross formed using 
several tin-lead alloys tin and lead are presented. The results of 
applying a range of techniques to examine and analyse the drosses 
are also given.
5.2 The Oxidation And Grossing Kinetics Of 60%-40% Lead Alloy
5.2.1 General
The literature survey has shown that very little work has been 
carried out to investigate the oxidation kinetics of liquid tin- 
lead alloys*. The kinetic data available at temperatures below 400°C 
show: that the oxidation rate of static melts of 60% tin-40% lead alloy 
obeys i . the parabolic law indicating therefore that a diffusion 
mechanism is rate controlling (6 6) ^
It is of interest therefore to determine the oxidation and drossing 
kinetics of stirred 60% tin-40% lead alloy at temperatures between 
200°C and 400°C and to show the effect of stirring on the mechanism 
which controls the oxidation rate of the alloys.
5. 2.2 The Effects Of Time On The Weight Gain Of Stirred 60% Tin-40%
Lead Alloy And The Weight Of Dross
The weight gains of 60% tin-40% lead alloy obtained after periods of 
up to one hour using a stirring rate of 32 r.p.m at temperatures 
between 200°C and 408 °C are presented in Table 18 and Figure .18. A s tirr in g  rate 
of 32 r.p.m was considered to be suitable for use in the present 
study on the basis of the results of the preliminary work. The
corresponding weights of dross formed at 270°C and 295°C are included
in  Table* 1.9 and F igure 19.
The weight gains obtained in Table 18 are plotted against time in 
Figure 18. The isothermal plots show a very unusual increase in the 
oxidation rate of 60% tin-40% lead alloy with time at temperatures 
between 200°C and 408°C. These results are also surprising as a 
linear dependence of weight gain on time was expected under the 
conditions of stirring described above assuming that the surface area 
of alloy swept remains constant throughout the stirring experiment.
The plots shown in Figure 18 indicate therefore that,
i) The oxidation rate of 60% tin-40% lead alloy is 
not controlled by diffusion .
ii) The factors which control the oxidation rates of 
static and ' agi tied i me It s of 60% tin - 40% lead alloy 
are therefore different which is consistent with the 
results of previous work carried out using zinc ( 59 ) ( 60) #
iii) The oxidation kinetics of stirred 60% tin-
40% lead alloy cannot be explained by applying existing 
oxidation theories which were dealt with in section 2.3.
Gregg and Jepson ^ ^  "^ however reported an increasing oxidation rate with 
time using solid magnesium. This unexpected effect was attributed 
to an increase in the surface area of the specimen as a result of 
breakdown of the MgO layer and sublimation of the magnesium at 525°C.
It is of interest therefore to note that the effects of time on the 
weight gain of stirred 60% tin - 40% lead alloy and the weight of 
dross formed 270°C and 295°C are similar (see figures 18 and 19).
This similarity raises the possibility that the formation of dross 
significantly increases the surface area of the specimen and indicates 
that the rate controlling mechanism suggested by Gregg and Jepson (17 5) 
applies to stirred melts of 60% tin - 40% lead alloy.
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The Effect Of Time On The Weight Gain Of 60% Tin -40% Lead Alloy 
At Temperatures Between 200°C and 408°C
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Figure 19
The Effect Of Time On The Weight Of Dross Formed Using 60% Tin-40%
Lead Alloy At 270°C and 295 °C
The reason for the increasing rate of drossing with time however 
is not clear and the linear dependence of dross weight, in addition 
to weight gain on time,was expected. It appeared' that the rate at 
which the alloy is converted into dross increases with time as a result 
of a mechanical effect of stirring. Scanning electron photo­
micrographs of typical specimens of dross formed at 270°C and 295°C 
after a period of 30 minutes are shown in Figures 20 and 21 respectively. 
It is apparent that there are few differences between the specimens 
with respect to particle shape, size etc.
It may also be noted from Figure 18 that the plots shown 
at 270°C and 295°C intersect after approximately 22 minutes. However 
this is not the case with the corresponding plots obtained for dross 
weight (see Figure 19) which show that the weight of dross formed 
at 295 °C is considerably greater than that formed at 270°C for periods 
of up to one hour. It appears therefore that temperature also has 
an interesting effect on the weight gain of the alloy for periods 
greater than 22 minutes.
Figure 20
Scanning Electron Photomicrograph of 
Dross Particles Formed After 30 Minutes 
at 270°C Using 60% Tin -40% Lead Alloy 
With A Stirring Rate of 32 r.p.m x 88
m
Figure 21
5 #  Seaming Electron Photcmicrograoh Of Dross ——    --------------
Particles Formed After 30 Minutes At 295°C 
? Using 60% Tin-40% Lead Alloy With a 
® Stirring Rate of 32 r.p.m x88
In the following subsection a preliminary quantitative interpretation 
is given of the kinetic data presented above.
5.2.3 Quantitative Interpretation Of The Kinetic Results 
An attempt was made to interpret the plots shown in Figure 18 in terms 
of a quantitative expression. As weight gain appeared to follow a form 
of exponential growth with time it was decided to plot weight gain against 
the square of time as shown in Figure 22.
,\-
In view of the linear plots obtained it is apparent that temperatures 
between 200°C and 408 °C,
g = k^ t2- + c (__ 5.1)
Where g = weight gain obtained using a stirhVg rate. °f 32 r.p.m 
= the oxidation rate constant, t = time and C = a correction 
factor.
-Values of Kq were obtained by calculating the slopes of the 
plot shown in figure 22 and C is the intercept of each plot on the 
weight gain axis.
The variation in and C with temperature is shown in. Table 20.
The values of C are rather surprising and indicate that the weight 
of the specimen increases significantly prior to the ccnmencement 
of stirring. However, previous data shows that the. weight increase 
of the exposed alloy surface during the 5 minutes allowed for the
specimen to attain the required temperature is less than 0.5 x 10
/ /:/: \
g at 408°C . Therefore it is apparent that the oxidation rate
of stirred 60% tin - 40% lead alloy changes after a certain time 
during the initial 15 minutes of the experiment. It would be necessary 
therefore to carry out further work to determine the 'reason for this * 
change. _
Figure 23 is a plot of - - log 10 1 IK . against the reciprocal 
of Absolute temperature between 200°C and 408°C. It is shown therefore 
that at temperatures below 270°C and above 332 °C the Arrhenius 
equation (2.14) applies to the results i.e
K = Ae-Q/RTe • -
Ercm the slope of the plot shown in Figure 23 it was found that,
Q=6 * 2 ± 0.5 K cal. mole  ^and by taking the intercept
on the logi0 axis, A= 1.23 +.0.6 x 10“  ^ a S6C
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The Square Of Time For 60% Tin-
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The Variation In Log^Ke With The 
Reciprocal On Absolute Temperature 
For 60% Tin-40% Lead Alloy
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The value of Q-det errnhed for stirring conditions is considerably 
less than the corresponding value obtained in previous work using 
static melts of 60% tin - 40% lead alloy at temperatures above 295°C 
Q = 18 + 2.0 x 103 cal mole (^ 6)  ^ Furthermore under
stirring conditions it is shown that the oxidation rate of the alloy 
is governed by the equation 5.1 whereas using static conditions 
the oxidation kinetics were found to obey a parabolic law. The 
large difference in the value of Q therefore is consistent with 
the indication that the same factor does not control the oxidation 
rates of static and stirred melts for 60% tin - 40glead alloy.
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5.2.4 Conclusions
i) The 'weight gain.' -. . of 60% tin - 40% lead alloy stirred
at a rate of 32 r.p.m shows, an unusual increase with time us‘tn<j
temperatures between 200°C and 408°C. The rate may be
2represented by the equation g = K^ t + C .
ii) It appears ' that different factors control the oxidation 
rates of static and stirred melts 60% tin - 40% lead alloy.
iii) It is indicated that the increase in oxidation rate of 
the stirred alloy with time may be attributed to an increase 
in the surface area of the specimen as a result of drossing.
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5.3 The Effects Of Temperature On the (kidaticnAnd 
g ro s s in g  Of T-irt-Ugo d (_ead
5.3.1 General
In the previous section it was shown that the oxidation rate of 
stirred 60% tin-40% lead alloy is greater at 270°C than 295°C 
for periods in excess of 22 minutes. It was also shown 
however that the drossing rate of the alloy under the same 
conditions is considerably higher at 295°C than 270°C for 
periods of up to Mi suites.
The relationship between oxidation and drossing rates is of 
considerable interest in the present study and therefore it was 
decided to compare the effects of.temperature on the weight gain of the
alby and the corEgpcaidig wei^ it of dross*, formed after
periods of up to one hour. The 'reaiLts aj-e given in Tables
18 and 2 1 - and plotted against temperature in Figures 24 and
25 respectively. The corresponding results obtained using tin,
lead and a number of tin-lead alloys are also presented in this
section.
5.3.2 The Effects Of Temperature On. The Weight Gain Of 
Stirred 60% Tin-40% Lead Alloy And The Weight Of Dross
Figure 24 clearly shows that the weight gain of stirred 60% tin 
- 40% lead alloy obtained after periods in excess of 30 minutes 
using a stirring rate of 32 r.p.m. falls with temperature between 
270°C and 295°C. It is interesting to note that no evidence 
of this effect was found in the literature although it may be 
recalled that kinetic data has not been determined using 
liquid tin-lead alloys at temperatures below 295°C.
The literature does show however that a fall in weight gain with
temperature has been reported using a number of metals i.e
-JT76) (177-179) (180) (181-183)solid zinc copper # i^n niobium
tantalum (184) static melts of lead(48)(87)(120)(148)
and s o d i u m . Unfortunately few attempts were made to
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Figure 24
The Effect Of Temperature On The Weight Gain of 60% Tin-40% Lead 
Alloy For Periods Of Up To 1 Hour Using A Stirring Rate Of 32 r. p. m
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The Effect Of Temperature On The Weight Of Dross Formed Using 60% Tin- 
40% Lead Alloy For Periods Of 30 And 15 Minutes Using A Stirring Rate 
Of 32 r.p.m.
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explain these effects which are summarized as follows:
i) The oxidation rate of zinc decreases with 
temperature as a result of increasing compactness 
in the ZnO layer. The compactness is relieved by 
re-crystallisation of the ZnO . at 225cC which allows . 
the oxidation rate of the zinc . to rise?^^ •
ii) A fall in the oxidation rate of niobium with 
temperature is the result of a change in the nature 
of the .‘ion diffusing through Nfc^ O^ -^ -)
However very little evidence was presented which supported 
these explanations.
It is interesting to note that the fall in the weight gain of 
60% tin-40% Ib'ad alloy between 270°C and 295°C obtained after 30 
minutes coincides directly with a steep rise in dross weight as 
shown in Figure 25. Assuming that dross formation increases the 
surface area of the specimen it is apparent therefore that the 
oxidation rate of the alloy falls between 270°C and 295°C.
It is also clear however that the relative influences of oxidation 
and drossing rate on the weight gain of stirred 60% tin - 40% 
lead alloy between 270°C and 295°C varies with time. This follows 
from a comparison of Figures 24 and 25 which shows that both the 
weight gain of the stirred alloy and the weight of dross obtained 
after 15 minutes increase with temperature between 270°C and 295 °C. 
As a result of this comparison two possibilities are considered
i.e,
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i) The oxidation rate of the alloy is greater at 
295°C than 270°C during the initial period of 15 minutes,
ii) The oxidation rate of the alloy falls between 270°C
and 295°C, although the increase in the surface area of the • 
specimen as a result of drossing is sufficient to confcroL 
the weight gain of the stirred alloy obtained after 15 
minutes.
In order to determine the factor which governs the weight gain of 
the stirred alloy . . it is necessary to carry out further
work. Results showing the corresponding weight gains of static 
melts of 60% tin —? 40% lead alloy are presented in Chapter 6 .
The coincidence of the rise in dross weight with a fall in the 
weight gain of the stirred alloy obtained after 30 minutes suggests 
that the 2 effects are related. It is important therefore 
to determine whether other tin-lead alloys, tin and lead show a fall 
in weight gain with temperature.
In Tables 2 2 and 2 3 the weight gains are dicwt of tir; 
lead t and tin-lead alloys containing 2%/5'3k> iot',20%, 30%, 70% and 
80% of tin obtained after 30 minutes using a stirring rate of 
32 r.p.m. The weight gains are plotted against temperature 
between 200°C and 408°C in Figures 26 and 27.
It is rather surprising to find that no apparent fall in the weight 
gain of tin, lead or tin-lead alloys other than 60% tin-40% lead 
alloy occurs with temperature under conditions given above.
However a number of interesting points emerge from a comparison of 
the results shown in Figures 26 and 27.
i) Tin and tin-rich alloys generally show linear 
.increases with temperature between 200°C and 408°C .
ii) Temperature appears to have little effect on the weight 
gain of lead and lead-rich alloys at temperatures up to 
approximately 390°C. At higher temperatures however very 
steep increases in weight gain are shown for lead and lead 
alloy containing 2% tin.
iii) A minimum in the weight gain of tin-lead alloys 
occurs in the alloy containing 10% of tin. This effect 
is shown more clearly in figure 28 which was obtained 
by re-plotting the data given in Tables 22 and 23.
The fall in the weight gain of lead as tin is added was found to 
be consistent with results of previous workers who reported that in 
accordance with free energy data '.1 SnO^ was the only oxide 
present on lead containing 1% weight of tin at temperatures up 
to 520°C (64) (87) _ was assumed that the SnO^ layer
was more protective to the lead than PbO. -
In the following subsection the effects of additions on the weight 
gain of stirred 60% tin-40% lead alloy are shown.
5.3.3 Conclusions 
A-fall in the weight gain of stirred 60% tin-40% lead alloy with 
temperature was discovered which occurs between 270°C and 295 °C 
after 30 minutes using a stirring rate of 32 r.p.m., A similar 
effect is not shown for tin, lead or other tin-lead alloys 
examined under the same conditions.
The fall in the weight gain of the alloy after 30 minutes with 
a temperature between 270°C and 295 °C is of interest as it 
coincides with the st.:eep rise in dross weight.
The relative influences of oxidation and drossing rates on 
weight gain of the stirred alloy alter with time .
Additions of up to 10% weight of tin were found to reduce the 
weight gain of stirred melts of lead after 30 minutes .
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5.4 The Effect Of Additions On The Weight Gam Of Stirred
60% Tin - 40% Lead Alloy
5.4.1 General
The literature survey shows that very little work has been carried 
out to investigate the effects of dop ing on the oxidation 
rate of liquid tin-lead alloys. It has also shown that the effects 
of dop ing on the oxidation rate of liquid tin and U(| uui havci LoeeH 
extensively investigated. Normally the results are explained by 
applying free energy data and assuming that the presence of the 
addition oxide modified the oxidation rate of the tin-lead alloy, 
tin or lead.
In wave soldering the levels of certain elements in the solder e.g
copper, zinc, aluminium and cadmium may increase as a result of reaction
with the surface of the articles being soldered. In other cases elements
such as silver, antimony and phosphorus are deliberately added
to modify the properties of the solder for use in specific
applications ( )  (188) # it was intended therefore to determine
the effects of the additions listed above on the oxidation rate of
stirred 60% tin-40% lead alloy. In this respect phosphorus is of
particular interest as additions of between 0.0003% and 0.0014% of
the element have been shown to reduce the oxidation rate of static melts
(66)(76)
60% tin-40% lead alloy at temperatures up to 350°C. However in view 
of the discovered fall in the weight gain of stirred 60% tin-40% lead 
alloy with terrperature (see figure 24) it was decided to investigate 
the effects of various additions on the weight gain of the alloy 
obtained under the same conditions.
The weight gains of 60% tin-40% lead alloy containing additions of 
up to 0 .2% of copper, aluminium, cadmium, silver, antinony, zinc and 
phosphorus obtained after 30 minutes using a stirring rate of
32 r.p.m are given in Table 24 . . The methods used to add the
elements and to check the composition of the alloy were described in 
section 3.1. The weight gains are plotted against temperature in 
Figures 29- 32 and the broken line in each figure represents the 
weight gain of the alloy without using additions.
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5.4.2 The Effects Of Additions On The F, all
In Weight Gain With Temperature Of Stirred 
60% Tin-40% Lead Alloy.After 30 Minutes
The plots shown in Figures 29-3 2 indicate that in general the 
addition of various elements has surprisingly little effect on 
the overal trend on the variation in weight gain of stirred 60% tin- 
40% lead alloy with temperature between 233°C and 3I0°C.
Therefore with the exception of the 0.01% phosphorus addition the 
following modifications are apparent i.e,
i) The fall in the weight gain of the alloysrsdisplaced 
to a lower range of temperature with each addition e.g 
between 2 40'*C and 260°C using an addition of 0.1% of 
copper.
ii) With the exception of the addition of 0.01% aluminium 
each addition reduced the range of temperature over which 
the fall in the weight gain of the alloy occurs. In this 
respect additions of 0.005% of zinc and 0.2% of silver were 
found to have the greatest effect.
iii) The fall in the weight gain of the alloy with temperature 
was found to be more pronounced using all additions with
the exception of 0 .2% of antimony.
However, it is shown in Figure 32. that a reduction of approximately
50% in the weight gain of stirred 60% tin-40% lead alloy
after 30 minutes may be obtained by adding 0.01% of phosphorus . This
effect is therefore consistent with the results of previous workers
who found in accordance with free energy data that P2 0 w^as forced cm
static meins of the alloy containing between 00008% and 0.003%
(7 CO
of phosphorus at 260°C . It was assumed that the P2O5 layer was
more protective to the alloy than Sn02^^) (^ 6 )  ^ The literature
also shows that the effects of adding up to 1% of aluminium, zinc, 
germanium and gallium on the oxidation rate of static melts of 
60% tin-40% lead alloy were also accounted for using free energy data 
1 at ' temperatures between 250°C and 260°C (76)(125)#
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It is evident from Figure X however that the effects of additions 
on the weight gain of the stirred alloy . as shown in Figures29 -3-2 
cannot be accounted for generally using free energy data. This 
follows as,
i) It is shown that the effects of adding 0.01%
of copper and 0 .1% of aluminium on the weight gain of 
the stirred alloy are similar. However, the free energy 
data given in Figure 2 clearly suggests that Al, 0 ^ is more 
stable than either SnO or PbO whereas Cup is less 
stable under the given conditions.
ii) The effect of adding phosphorus to the stirred 
alloy clearly depends on the concentration of the addition .
In the light of the comparisons described above therefore it is 
interesting to note the results of extensive studies to investigate 
the effects of .doping- on the oxidation rate of static melts of tin and 
lead wiiich were explained by applying free energy data and supported by 
the results of X-ray diffraction examination (64)(85)(87)
From the above discussion it is clear that the variation in weight
gain of stirred 60%-tin 40% lead alloy containing various additions
with temperature obtained after 30 minutes cannot be accounted for using free
energy data. Instead, it is suggested that the additions which are
expected to form in preference to SnO and PbO i.e Al^O^
ZhlO and P^O^ pass rapidly into the dross during the initial stages 
of stirring as a result of the skimming action of the stirrer blades. 
Therefore the effects of additions of 0.01% aluminium, 0.05% zinc 
and 0 .0 0 1% phosphorus on the overall weight gain of the stirred alloy 
obtained after 30 minutes are insignificant. Such effects would be 
dependent on the concentration of the addition which is .
consistent with the effects of adding phosphor us as shown in "Figure
3 2.
It is also shown however that the initial level of an addition does 
not solely determine its effect on the weight gain of the stirred alloy 
after 30 minutes. This follows from a comparison of Figures 3.0and 3.2 
which show that the addition of 0 .0 1% of aluminium has an 
insignificant effect on the weight gain of the stirred alloy whereas 
the addition of 0 .0 1% of phosphorus reduces the weight gain by 
approximately 50% at tenperatures between 230°C and 332 °C.
The mechanism suggested above is supported by the results included
in "Table 2 5 which shows the fall in the zinc content of stirred
60% tin-40% lead alloy with time . The weight per cent of
zinc in the alloys plotted against time in figure 32a which shows that the
zinc content of the stirred alloy is reduced from 0.006% to
less than 0.0005"% . e:fter ' io minutes of stirring at 300°C.
It may be assumed from free energy data that additions of copper, 
cadmium, silver and cmay not affect ij- the oxidation rate of
60% tin-40% lead alloy. Figures -29 and 3 1-show therefore that _____
this assumption is generally consistent with the results obtained 
using stirred melts.
5.4.3 Conclusions
The fall in the weight gain of stirred 60% tin-40% lead alloy with 
temperature between 270°C and 295°C obtained after 30 minutes is 
not significantly affected by the additions of up to 0 .2% of copper, 
cadmium, aluminium, zinc, silver and anti merry and 0 .0 0 1% of 
phosphorus .
The weight gain of stirred alloy obtained after 30 minutes however 
is reduced by approximately 50% using an addition of 0.01% of 
phosphorus at temperatures between 2ZO°C and 3.15°C.
With the exception of 0.01% of phosphorus the effects of the 
various additions and the weight gain of the stirred alloy obtained 
after 30 minutes with temperature are not consistent with the 
predictions of free energy data assuming equilibrium conditions.
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4 . It is suggested that the additions which may be expected to
oxidise in preference to tin and lead ^ZLyfce.removed rapidly from 
the specimen as a result of the stirring action. Consequently 
the effects of these additions on the weight gain of the stirred
alloy after 30 minutes are insignificant.
5 . . The effects of an addition on the weight gain of stirred 60%'.tin-40% lead alloy
after 30 minutes may depend on its initial concentration and the 
rate at which the addition passes into the dross.
Temperature 300 C 
Stirring rate 32 rev/min0.008
0.006
0.004
0.002
0 10 2 0 30 time, mins
Figure 32A
The Effect Of Time On The Zinc Content Of Stirred 60% Tin-40% Lead 
Alloy
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5.5 The Effects Of Stirring On The Oxidation nd. Drossing of 60% Tin- 
40% Lead Alloy -
5.5.1 General
In wave soldering the speed of the impeller may be adjusted to alter 
the height or profile of the wave according to the requirements 
of the soldering operation . It is interesting to note from Section
5.2 that stirred 60% tin-40% lead alloy shows an increase in oxidation 
rate with time instead of the ejected linear rate. Furthermore
a comparison of the quantitative results obtained suggests that the 
oxidation rate of the stirred alloy is controlled by the increase in 
the surface area as a result of drossing.
It was decided therefore to determine the effects of the stirring 
rate between 2 0 and 88 r.p.m on the weight gain of the alloy
and the weight of dross formed using a constant time of 30 minutes at 
temperatures between 200°C and 408 °C. The weight gains are given in Tables 
2 6 and 2.7 and plotted against the stirring rate in Figures 3 3 and 3 4 
respectively.
5.5.2 The Effects Of Stirring Rate On The Weight Gain Of 60% Tin- 
40% Lead Alloy And The Weight Of Dross
The isothermal plots shown in Figure 33 describe linear increases 
in the weight gain V of the alloy after 30 minutes with stirring 
rates between 200°C and 408°C. These results are therefore 
consistent with the linear dependence of weight gain on the stirring 
rate which was expected using the described conditions.
The expected linear dependence is based on the assumption that the 
surface area remains Constant through the period of the stirring 
experiment. . However following the preliminary discussion of the 
results showing the effects of time on the weight gain of the stirred 
alloy it is apparent that drossing causes a significant increase 
in the surface area of the specimen exposed*.
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It is interesting to note therefore that the isothermal plots shown 
in Figure 3*f also describe . linear increases in the weight of dross 
formsd with the stirring rate for a period of 30 minutes at 
terrperatures of 270°C and 295°C. Therefore it may be assured 
from a corparison of Figures 33 and 3 4- that the surface area of 
the specimen increases at a linear rate under the described 
conditions.
5.5.3 Conclusions
1. As expected the weight gain of stirred 60% tin-40% lead alloy and 
the weight of dross formed after 30 minutes show a linear dependence on 
the stirring rate of temperatures between 200°C and 408°C .
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5.6 Examination And Analysis Of The Dross
5.6.1 General
The literature shows that the examination and analysis of the oxides 
formed on agitated melts of tin-lead alloys have apparently not 
been carried out. However analytical data obtained using static 
melts show that the oxide may consist of SnO t Sn02 or .a mixture of 
these oxides depending on temperature (6 6) (72)^
In this section the results of examinations and analyses of dross 
specimens are presented. The information was obtained using 
metallography. X-ray diffraction, X~ray photoelectronspectroscopy and 
,Atomic .Absorption Spectrophotometry. - - ■ \
5.6.2 The Formation And Structure Of The Dross
In subsection 5.2.2 it was shown that specimens of dross formed after 
30 minutes at 270°C and 295°C using a stirring rate of 32 r.p.m are
very similar (see F igures 2 0 and 2 1 ). Furthermore it is apparent_________
that the specimens of dross shown in Figures 20 and 21 consist 
of elongated fibres or approximately spherical particles which vary 
considerably in size. It was found that the dimensions of the ^ 
particles measured between approximately 5.0 x 10  ^ and 0.1 x 10 cm. 
Several of the large dross particles were subjected to the thrusting 
action of a pin in order to determine whether the particles were 
solid. It was found that the particles were easily dismembered into 
fragments which were evidently coated in oxide. It was also apparent 
from this examination that the fragments were bonded loosely by compression.
MetalLographic sections of the dross specimens shown in Figures 20 and 
21 as shown in Figures 3'. 5and 36 respectively. The microstructures 
are consistent with the result of the examination carried out using 
scanning electronmicroscopy i.e the particles are composed of fragments 
of alloy and show a layered stincture.
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Figure 35
Microstrueture Of Dross Particles Formed After 30 Minutes At 270°C Using 
60% Tin-40% Lead Aliy With A Stirring Rate Of 32 r.p.m x 38 Unetched
Figure 36
Microstructure Of Dross Particles Formed After 30 Minutes At 295°C Using' 
6Qyc Tin-4CU0 Lead Alloy With A Stirring Rate Of 32 r.p.m x 38 Unetched
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On the basis of the results described above and observations carried 
out on the stirred alloy surface a mechanism of drossing is 
described. The elongated fibrous particles are formed at the leading 
edge of the rotating stirrer blade and consist of an oxide layer 
which folds as a result of the skimming action of the stirrer blade 
trapping liquid alloy between the folds of oxide. The particles 
became detached from the stirrer blade when they reach a certain size 
and then pass to the edges of the bath where they are reduced in leijgtk 
by the rotating action of the blade. The particles of dross are then 
reduced in size further by continued stirring.
5.6.3 The Appearance Of The Oxide Layer Formed On Dross Particles 
It is interesting to note that the specimens of dross formed after 30 
minutes of temperatures below .. 253°C and above 332°C are grey in colour. 
However the drosses formed between 270°C and 310°C were found to 
consist of particles which showed a range of light interference 
colours. Therefore drosses, formed at 270°C consisted of blue and violet 
coloured particles and drosses formed at 295°C contained yellow^  gold, 
red,brown and purple coloured particles.
The variation in the colour of the individual dross particle indicates 
that either the oxide layers are of different thicknesses or' the 
refractive index of the oxide has changed possibly as a result in a 
change of its carposition. However the results of trial runs carried 
out using X~rsY diffraction and X-ray photoelectron-spectroscopy has 
shown that the variations in colour of the dross particles were not 
the result of changes in the carposition of the oxide.
The observations described above may be explained using _ light inter­
ference data from the paper by Kurz and Kleiner  ^^  ^ who • . used an 
optical technique to determine the oxidation kinetics of static melts 
of 60% tin-40% lead alloy at temperatures between 295 °C and 420°C.
These workers calculated that the thickness of the oxide layer formed
o o
on the alloy was between . 597 A to 725 A using the observed colour 
changes with increasing time and temperature in the order yellow, red, 
purple,violet and blue.
it: is ln-ceresting to note that the elongated particles'of dross fomed 
between 270°C and 310°C were found to be yellow in colour. According 
to the mechanism of drossing described above it follows that the 
elongated particles of dross may have the thinnest oxide layer.
Therefore the data given by Kurz and Kleiner^ 66  ^concerning light 
interference colours is consistent with the results obtained using 
stirred melts of the alloy. Furthermore the appearance of the 
coloured dross particles coincides approximately with the fall in the 
weight gain of the stirred alloy obtained after 30 minutes between 
270°C and 295°C.
5.6.4 Analysis Of The Drosses
Figure 37 shows schematic representations of the X-ray traces obtained
using specimens of dross formed after 30 minutes at temperatures
between 230°C and 408°C. The technique used to obtain the traces was 
described in subsection 3.3.2.
As shown in Figure 37 drosses formed at temperatures up to 370°C contain 
SnO whereas drosses formed at temperatures above 390°C contain a 
mixutre of SnO and SnO^ . The formation of SnO^ in preference to SnO 
with increasing temperature is consistent with the results of previous 
studies^ 2^ 1)(1 2 2). j^themore the presence of lead oxide was 
not expected in view of the free energy data shewn in Figure Z „ It is 
also interesting to note that if the traces shown in Figure 37 are 
interpreted quantitatively then it is apparent that the SnO layer formed 
at 270°C is thicker than the SnO layer formed at 295°Cw Examples of 
the actual traces obtained are shown in Figure 38.
In several cases examinations were carried out using X-ray photoelectron- 
spectroscopy with drosses formed at 270°C and 295°C after 30 minutes 
using 60% tin-40% lead alloy. An example of a typical trace is shown 
in Figure 39. The traces clearly show the presence of tin, lead, oxygen 
and carbon at the surface of the dross particles. The presence of 
carbon is normally attributed to surface contamination and therefore 
the presence of tin oxide and Jead oxide in the dross is indicated.
The occurence of lead oxide is surprising in view of the free energy 
data shown in Figure Z and therefore it is of interest to consider the 
results obtained using atomic absorption sp e c tro p h o to m e try ,
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Figure 37
Schematic Representations Of The X-Ray Traces Obtained Using Drosses 
Fomed From &Jjo Tin-40% Lead Alloy Stirred At 32 r.p.m For 30 Minutes
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X-ray Diffraction Traces Obtained Using Drosses Fomed At 270 C and 
295 C
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The technique used to dissolve the oxides contained in the dross 
specimens was described in subsection 3.3.6 •
'Ihe „ composition of.drosses' obtained .. using stirred 60% tin- 
40% lead and 10% tin-90% lead alloy after 30 minutes at 
temperatures between 278 °C and 408°C Js shown in Table 28 .
The results show that the dross formed at 278°C and 370°C 
contains approximately 3.9 weight percent of oxide of which about 
9% consists of PbO and the balance is SnO. The fall in the SnO 
content of the dross with temperature may be attributed to the 
preferential formation of SnO^ (see Figure37 :) which cannot 
be detected using this technique. It is also interesting to note 
that the PbO content of the dross formed using 10% tin-90% lead alloy 
is higher than that of the dross formed using .60% tin-40% lead 
alloy. This result indicates that the composition of the oxide 
reflects the carposition of the alloy i.e the proportions of 
tin and lead exposed as a result of stirring.
It is suggested therefore that the presence of PbO in the dross is a 
result of non-equilibrium conditions which arise from stirring. The 
results obtained using ifcomic Absorption Spectrophotometry' and.X"-ray photo 
electron spectroscopy appear therefore to be inconsistent with the 
results obtained using X_ray diffraction in terms of the presence 
of PbO in the dross. The reason for this discrepancy is not clear 
although the relative Se rvSifeiviite$" of the techniques used to analyse 
the dross may be significant in this respect.
5.6.5 Conclusions
1. The drosses were found to contain elongated fibres or approximately 
spherical particles which consist of loosely bonded oxidised fragments of 
the alloy,
2. It is suggested that the dross particles are formed initially 
by folding of the oxide layer as a result of the skinming 
action of the stirrer blade which traps liquid alloy between the 
folds . of oxide . The dross particles are reduced in size as a result 
of continued stirring.
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3. Drosses formed at temperatures between 270°C and 310°C after 
30 minutes are composed of particles with oxide layers of different 
thicknesses which show a range of light interference colours.
Drosses formed at temperatures below 253°C and above 310°C are 
grey in colour.
4. Drosses foimed at temperatures up to 370°C contain approximately 
3.9% by weight of oxide which consists of SnO and PbO. Drosses 
formed at temperatures above 390°C also contain SnO^ .
5. According to free energy data only tin oxide should be present
in the dross foimed using stirred 60% tin-40% lead alloy at temperatures 
up to 408°C. It is suggested therefore that the presence of PbO in 
the dross is the result of non-equilibrium conditions which arise as 
the result of stirring.
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C H A P T E R  6 
RESULTS FOR STATIC MELTS AND SOLID LEAD
132
.'6,1 Introduction
In this chapter the results are presented of experiments carried 
out to determine the oxidation kinetics, of liquid 60% tin-40% lead 
alloy, liquid tin and solid lead at temperatures between 255°C and 
325°C for periods of up to 30 minutes using air pressures of 250 +
20 Pa and 50 +, 10 Pa. The results are also shown of examinations 
and analyses carried out using the oxide layers formed under the 
conditions described above. The experimental techniques employed to 
determine the quantitative and qualitative data were described in 
Chapter 4.
6.2
The Oxidation Of Liquid 60% Tin-40% Lead Alloy
6.2.1 Kinetics
6 .2.1.1 General In the previous chapter tbwas reported that 
the oxidation rate of stirred 60% tin-40% lead alloys shows an 
unusual increase at temperatures between 200°C and 408°C for periods 
up to GO minutes. It was also apparent from the results that the 
oxidation rate of the alloy is greater at 270°C than 295°C for periods 
in excess of 22 minutes. However, it was reported in the literature 
that the oxidation kinetics of static melts of the alloy obey the 
parabolic rates law and show, as expected, a positive dependence on 
temperature between 295°C and 420°C using atmospheric pressure (^ 6 ) w 
It is of interest therefore to compare the weight gains obtained with 
time and temperature below 295°C using stirred and static melts of 
60% tin-40% lead alloys.
In the present study the oxidation kinetics of static melts of 60% tin- 
40% lead alloy were determined at temperatures between 255 °C and 315 °C 
for periods up to 30 minutes using air pressures of 250 Pa and 50 Pa. 
The results are presented in the following subsections.
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6 .2.1.2 The Effects Of Temperature On The Oxidation Rate Of 
60% Tin-40% Lead Alloy
The weight gains of static melts of 60% tin-40% lead alloy obtained 
with time at temperatures between 255 °C and 315 °C using air 
pressures of 250 Pa and 50 Pa are presented in Table 29.. The 
results are plotted against time in Figures 40-43 . Figure 44: 
shows plots of the weight gain obtained of 0.05 g of dross with time 
at temperatures of 270°C and 295°C using an air pressure of 250 Pa.
The results are given in Table 30.
From a comparison of the results shown in Figure 40 and Figure 44 
an attempt may be made to estimate the effective surface area of 
a given weight of dross. However, it is necessary to assume that 
the oxidation rates per unit surface areas of dross removed after 
5 minutes from the stirred bath and the alloy oxidised for
5 minutes at either 270°C or 295°C using an air pressure of 250 Pa 
are the same;. . _
Therefore from Figure 44- the mean weight gain of dross after 25 
minutes at 270°C ,
= 79.0 + 3.0 x 10" 6 g
and the mean weight gain of the dross after 25 minutes at 295°C,
= 54.0 +. 3.0 x 10" 6 g
Fran Figure 40 the mean weight gain of the alloy obtained between 5 and 
30 minutes at 270°C>
= 64.0 + 3.0 x 10- g^ cm- 2
The mean weight gain of the alloy obtained between 5 and 
30 minutes at 295°C>
= 40.0 + 3.0 x 10“ 6 g cm- 2
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Figure 40
The Effect Of Time On The Weight Gain Of 60% Tin-401. Lead Allov 
at 270 C and 295 C Using An Air Pressure Of 250 Pa.
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Figure 41
The Effect Of Time On The Weight Gain of 6C% Tin-40% Lead Alloy 
At 280 C and 315 C Using An Air Pressure of 250 Pa.
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Figure 42
.The Effect Of Time On The Weight Gain of 60% Tin-40% Lead Alloy 
At 295 C and 315 C Using An Air Pressure of 50 ; Pa
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Figure 43
The Effect Of Time On The Weight Gain of 60% Tin-40% Lead Alloy 
At 255°C and 280 C Using An Air Pressure of 50 Pa
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Therefore estimated effective surface area of the dross at 270°C,
79.0
= 1.23 + QU| an 2
64.0
and the estimated effective surface area of the dross at 295°C
54.0 *
  = 1.35 ii0.15cm 2
40.0
The weight gains shown in Figures 40 - 43 for a period of 30 minutes 
are plotted against temperature in Figure 45. Corresponding data 
calculated using the results determined in a previous investigation 
are included for comparison with the results obtained in the present 
study. In the previous investigation an optical technique was used 
to determine the oxidation kinetics of liquid 60% tin - 40% lead 
alloy under atmospheric pressure .
A number of interesting effects are apparent from the results 
presented in this subsection i.e,
i) The isothermal plots included in Figures 40 -43
show that;'the oxidation raie of static melts of 6 0 /^ tin- 402-lead 
alloy decreases with time at temperatures between 255 °C and 
315°C using air pressures of 250 Pa and 50 Pa.
ii) The oxidation rate of the alloy falls with temperature 
between 270°C and 295°C using an air pressure of 250 Pa.
iii) The fall in the oxidation rate of the alloy is eliminated 
as a result of reducing the air pressure from 250 Pa to 50 Pa.
iv) A further effect of reducing the air pressure is that 
the oxidation rate of the alloy is increased at tenperatures 
above 280 °C.
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Figure 44
The Effect Of Time On Tie Weight Gain Of 60% Tin-40% Lead Alloy 
Dross Ah 270 C and 295 C Using An Air Pressure Of 250 Pa.
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Figure 45
The Effect Of Temperature On The Weight Gain Of 60% Tin-40% Lead
Alloy After 30 Minutes Using Different Air Pressures
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It is proposed to discuss each of these effects in the order shown.
6.2-.1.3 Determination Of The Rate haw and Activation Energy 
A comparison between the plots shown in .Figures 40. - 43 with 
corresponding data determined in a previous investigation^^ ^ 
indicates that the effects of time on the weight gain of static melts 
of 60% tin - 40% lead alloy are similar using atmospheric pressure 
and air pressures of 250 Pa and 50 Pa. In the previous investigation 
it was shown that the parabolic rate law applied to the data 
determined using atmospheric pressure (6 6) # Therefore the
possibility that the parabolic rate law applies to the plots shown 
in Figures 40 - 43 was investigated by plotting the square of the 
weight gains given in Table against time as shown in Figures 
4 6  - 4 7 respectively.
The linear plots obtained suggest that the oxidation kinetics of 
static melts of the alloy obtained at temperatures between 255°C and 
315°C using air pressures of 250 Pa and 50 Pa may be represented 
by the parabolic equation (2 .8 ) which' implies a diffusion controlled 
mechanism. It is interesting to note therefore that the diffusion of 
Sn*-4 through an Sn02 layer was suggested as being rate controlling 
for the oxidation of static melts of 60% tin - 40% lead alloy at 
temperatures between 295°C and 420°C using atmoshperic pressure(6 6).
Values' of the parabolic rate constant Kp were obtained in the present 
study by calculating the slopes of the isothermal plots shown in 
Figures - /fSJ. The variation in Kp with temperature between 255 °C
and 295 °C is shown in Table 31 .
Figure shows the plots of logqg KP against the recip rocal of 
absolute temperature. As expected the A  rrh en iu s equa t i on ( 2,1L) wa s 
shown to apply only to the data obtained at temepratures between 255 °C 
and 315°C using an air pressure of 50 Pa. From the slope of the
single straight line plot shown in Figure 4  8 it was found that the
Arrhenius . activation energy,
Q = 16 , + 1.5 K cal mole--*-
270 C
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Figure 46
The Effect Of Time On The Square On The Weight Gain For 60% Tin-40% Lead 
Alloy Using An Air Pressure of 250 Pa
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Figure 47
' The Effect Of Time On The Square Of The Weight. Gain For 60% Tin-40% Lead 
Alloy Using An Air Pressure of 50 Fa ‘----- ----- - --- - --------
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Figure 48
Hie Variation In Log-.Q Kp With The Reciprocal Of Absolute Temperature 
For 60% Tin-40% Lead Alloy Using Different Air Pressures
Furthermore by taking the intercept of the same plot on the l o g K p  
axis it may be shown that,
z -4 -I 
A = 0.09 +0.18 x 10 4 ^ CW se.
The value of Q shown above may be caipared with results obtained in 
a previous investigation at temperatures between 295°C and 420°C 
using atmospheric pressure (6 6)
Q = 18 i 2.0 K  cal mole--*-
The comparison between the values of Q obtained using an air pressure 
of 50 Pa and atmospheric pressure are shown to be within the limits 
of error given. Futhermore it is apparent '.that
the parabolic rate law applies to the kinetic data obtained for the - 
alloy in either case. It follows from subsection 2.5.2 therefore that
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the same oxidation mechanism may control the oxidation rate of 
liquid 60% tin-40% lead alloy using an air pressure of 50 Pa and 
atmospheric pressure at temperatures between 255°C and 420°C.
6 .2.1.4 The Effects Of Air Pressure On The Oxidation Rate Of 
60% Tin-40% Lead Alloy
It is interesting to note that at temperatures above 2gO°C the 
oxidation rate of liquid 60% tin — ‘ 40% lead alloy is greater using 
an air pressure of 50 Pa than 250 Pa. It is also shown that the 
values of Kp determined in a previous investigation using atmospheric 
pressure are considerably lower than the values obtained in the present 
study as shown in figure Jf-S. These results suggest that the oxidation 
rate of the liquid alloy shows an inverse dependence on air pressure 
at temperatures above 280 °C. ,
It is interesting to note therefore that Eldridge and Dong
reported a negative dependence for the logarithmic oxidation kinetics
of lead at temperatures up to 150°C on oxygen pressure between 1.33 Pa
and 133 K  Pa. Eldridgeafter analysing the data obtained by
Eldridge and Dong( ^ 2) proposed a rate . controlling mechanism which
involved the field assisted transport of C&~ vacancies across
uK6  PbO layer. Furthermore he attempted to explain the
unexpected dependence of oxidation rate on oxygen pressure by assuming
that a reduction in the oxygen pressure increased the concentration of 
2 -
the 0 vacancies at Pb/PbO interface.
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The results given in "Figure 4& also show that the fall in Kp with 
temperature between 270°C and 295°C is eliminated as a result 
of reducing the air pressure from 250 Pa to 50 Pa. The elimination 
of a fall in the oxidation rate of solid niobium and tantalum with 
temperature as a result of reducing the oxygen pressure has been 
reported(182-) (18%) # However an adequate explanation of these
unexpected effects could not be given although it was suggested 
that changes within the oxide structure were responsible.
6.2.1.5 Conclusions
1. The oxidation kinetics of static melts of 60% tin -40% lead 
alloy obey^  the parabolic rate law at tenperatures between 255 °C 
and 315 °C using air pressures of 250 Pa and 50 Pa therefore a 
diffusion controlled mechanism is indicated.
2. It appears that the same mechanism nay control' the oxidation rate 
of the static alloy at temperatures above 255°C using atmospheric 
pressure and an air pressure of 50 Pa.
3.The oxidation rate of the static alloy falls with tenperature 
between 270°C and 295°C using an air pressure of 250 Pa. This 
effect is eliminated if the air pressure is reduced from 250 Pa to 
50 Pa.
4. An increase in the oxidation rate of the alloy is obtained 
at tenperatures above 280°C as a result of reducing the air pressure.
6.2.2 Examination And Analysis Of The Oxide Layers
6.2.2.1 General
The results of the present study show several unusual effects of 
time and oxygen pressure on the oxidation rate of 60% tin-40% lead 
alloy which cannot be explained using the information presented in 
the previous subsection. It was considered therefore that information 
regarding the composition and morphology of the oxide may be 
particularly useful.
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The literature survey shows that the oxide layers formed on 
static melts of 60% tin-40% lead alloy may be composed of SnO,
SnO 2 or a mixture of these oxides depending on the conditions 
of temperature and oxygen pressure(66)(72)(75) ^ However
examinations of the morphology of the oxide layers formed on 
the alloy do not appear to have been carried out.
In this subsection the results are presented of examinations 
carried out using scanning electron-microscopy on the oxide layers 
formed on static melts of the alloy using atmospheric pressure 
and air pressures of 250 Pa and 50 Pa at temperatures between 
235 °C and 335°C. The results were obtained using the techniques 
described in section 4.2.
6.2.2.2 The Effects Of Temperature On The Morphology Of The 
Oxide Layer
Figures 49 -54 show scanning electron-micro graphs of the oxide 
layers formed on static melts of 60% tin - 40% lead alloy after 
30 minutes at temperatures between 240°C and 335°C using 
atmospheric pressure. It is shown that the oxide layers formed at
temperatures up to 280°C consist ' of oxide .-crystallites which vary in
-4 -4diameter between approximately 0.5 x 10 cm and 2.5 x 10 cm
The density of the cystallites per square centimetre: of alloy surface
is approximately 3.0 x 10 $ 280°C.
The crystallites show a central growth point from which a number of arms or 
spokes extend outwards across the surface of the alloy. The 
position of the growch points relative to the alloy surface indicates 
the vertical growth as well as lateral growth has occurred. In 
certain cases the spokes are visible as ridges between the areas 
which have been filled to form a rim around the dystallite,- as shown in 
Figure 49 .
Figure 49
Scanning Electron Photomicrograph 
Of The Oxide Foimed On 60% Tin- 
40% Lead Alloy After 30 Minutes 
at 235 C Using Atmospheric Pressure 
x 6000
Figure 50
Scanning Electron Photomicrograph 
Of Hie Oxide Formed On 60% Tin- 
40% Lead Alloy After 30 Minutes 
at 245°C Using Atmospheric Pressure 
x 6000
Figure 51
Scanning Electron Photomicrograph 
Of The Oxide Formed On 60% Tin- 
40% Lead Alloy After 30 Minutes 
at 255 C Using Atmospheric 
Pressure
Figure 52
Scanning Electron Photomicrograph 
Of The Oxide Formed On 60% Tin- 
4C%QLead Alloy After 30 Minutes At 
280 C Using Atmospheric Pressure 
x6000
Figure 53
Scanning Electron Photomicrograph 
Of The Oxide Formed On 60% Tin- 
40%oLead Alloy After 30 Minutes At 
295 C Using Atmospheric Pressure 
x6000
Figure 54
Scanning Eelectron Photomicrograph 
Of The Oxide Foimed On 60% Tin- 
40% Lead Alloy After 30 Minutes At 
335 C Using Atmospheric Pressure 
x6000
It is shown that the oxide crystallites grow in isolation in
pairs or small clusters and lateral growth apparently continues
until mutual impingement of the crystallites occurs*, A similar
mode of oxide growth has been proposed for magnetite on solid
iron at temperatures between 350°C and 550°C using oxygen
(1S°!)pressures of 0.06 Pa to 13.3 Pa . Furthermore the pattern
of crystallite; growth described above .appears . to be identical 
to that described by Boggs et al(^4) for the initial oxide 
growth on solid tin at tenperatures up to 2 2 0°C using oxygen 
pressures above 130 Pa. The crystallites measured approximately
0.5 to. 1.5 x 10“ 4 cm in diameter and therefore are of a similar 
size to the crystallites formed in the present study.
Figures 4R ” show that the crystallites decrease in size with 
tenperature and do not appear to form a continuous layer after 
30 minutes at tenperatures up to 2£5°C. The reduction in the size 
of the crystallites with increasing tenperature may be considered 
to be the result of an increasing number of central points growing 
in a limited area of alloy surface. : .
The oxidation rate of the alloy may therefore be expected to fall 
with increasing tenperature as once the crystallites form a continuous 
layer oxide growth may only occur by the transport of . ions through the 
layer. It is interesting to note from the quantitative results 
presented in the previous subsection that the formation of a 
continual layer of crystallites coincides approximately with a 
maximum in the oxidation rate of the alloy at 270°C.
Figure 53 shows that the oxide layer formed on the alloy at 
295 °C using an air pressure of 250 Pa does not appear to consist 
of the crystallites described above. Instead the oxide layer 
appears to consist of platelets which measure approximately
0 .2  x 1 0 x “ 4 cm in diameter. A comparison of Figures.53 and 
54- shows that the platelets increase in size with fempera'ture.
It is also interesting to note frcm the quantitative data 
presented in the previous subsection that the occurence of oxide 
platelets instead of crystallites coincides with the minimum in the 
oxidation rate of the alloy at 295°C.
The possible link between an abrupt change in the oxidation rate 
of the alloy and the morphology of the oxide is interesting in the 
light of the results obtained in previous studies  ^^ 182) (1€&),
It may be recalled therefore from subsection 5.3.2 that changes in 
the compactness and structure of the oxide w formed on solid
zinc niobium and tantalum were proposed to account for the 
observed fall in the oxidation rate of these metals with tenperature.
6 .2.2.3 The Composition Of The Oxide Layer
Figures 55 and 5^ show transmission electron-photomicrographs of 
the stripped oxide layers formed on static melts of 60% tin-40% 
lead alloy at tenperatures of 255 °C and 295 °C after 30 minutes 
using atmospheric pressure. Figures 5’b and 6  ^respectively show 
corresponding X-ray maps of the oxide layers which indicate: the 
distribution of tin ’shown in Figures 55 an(j 50. ’
The equivalent X-ray maps showing the distribution of lead in the 
oxide layers are shown in Figures 57 and 60 respectively.
Figure 55
Transmission Electron Photomicrograph
Of The Stripped Oxide Layer Formed
On 60% Tin-40% Lead Alloy After 30
Minutes At 255°C Using Atmospheric
Pressure ^x 6000
Figure 56
X-ray Map For Tin Of The Oxide Layer Shown 
In Figure 55
x 6000
Figure 57
X-ray Map For Lead Of The Oxide Layer 
Shown In Figure 55
x 6000
Figure 58
Transmission Electron Photomicrograph 
Of The Stripped Oxide Layer Formed 
On 60% Tin-4C% Lead Alloy After 
30 Minutes At 295°C Using Atmospheric 
Pressure x 6000
X-ray Map For Tin Of The Oxide 
Layer Shown In Figure 58 
x 6000
X-ray Map For Lead Of The Oxide 
Layer Shown In Figure 58 
x 6000
The results obtained using transmission electronmicroscopy are consistent 
with the description of the oxide crystallites given previously on 
the basis of examinations carried out using scanning electron 
v micros copy Furthermore, the spaces between the edges of the
crystallites are clearly shown in Figure 55. The X-ray maps 
indicate, as expected from free energy data, that the oxide formed 
on static melts of 60% tin-40% lead alloy at temperatures of 255 °C 
and 295°C using atmospheric pressure contains tin oxide. Figures 
59 and 60 indicate that lead oxidemay not be presdntin the oxicj,e lay.gr 
It is surprising to find therefore that two small lead peaks are 
present in the X-ray spectrum obtained from the stripped oxide layer 
formsd at 295°C after 30 minutes as shown in Figure 6i. It was 
found that the ^ -ray spectrumobtained using stripped oxide layers 
formed at tenperatures between 255 °C and 295 °C were almost identical 
and therefore only one trace is included in this section.
In addition to the expected tin peaks a number of other peaks are 
shown i.e copper, iron and mercury. The large copper peaks arise from 
the grid which was used to support the oxide layer during the 
examination and the ixon peak is apparently related to a feature of 
the transmission electron microscope. The mercury peaks shown in the 
spectrum indicate the brushing is not an entirely satisfactory method 
of removing the excess globules of mercury from the oxide layer which 
may be retained after stripping, as described in subsection 4.2.3.
The x-ray spectrum shown in Figure 61 therefore confirms the presence 
of tin oxide in the layer formed on liquid 60%-tin 40% lead alloy.
It is considered that the presence of lead peaks in the spectrum 
shown in Figure 61 may arise as a result of either the presence of 
lead oxide in the layer or the retention of tin lead alloy fragments 
on the oxide layer. The possibility that tin oxide and lead oxide form 
on 60% tin-40% lead alloy is interesting in the light of the results 
presented in subsection 5.6.4. It may be recalled from this 
subsection that the presence of PbO in dross specimens was indicated 
using XPS and confirmed using Atomic Absorption Spectro photometry.
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However it was suggested that stirred melts of 60% -tin 40% lead 
alloy oxidised under non-equilibrium conditions which arise as a 
result of the continuous exposure of the fresh alloy surface to 
the air. Therefore the formation of lead oxide on static melts 
of the alloy is an apparent anomaly.
6 .2.2.4 The Effects Of Air Pressure On The Morphology Of The 
Oxide Layer
Figures 62 and 63 show scanning electron photomicrographs of the 
surfaces of 60% tin - 40% lead alloy beads oxidised at tenperatures 
of 255 °C and 295°C respectively for a period of 30 minutes using 
an air pressure of 250 Pa. Figures -64' and 65 show scanning electron 
photomicrographs of the oxide layers formed on beads of the alloy 
after 30 minutes at tenperatures of 255°C and 259 °C respectively 
using an air pressure of 50 Pa.
A conparison of figures 62 .to. 65 reveals that tenperature and air 
pressure show interesting effects on the morphology of the oxide 
layer formed on static melts of 60% tin-40% lead alloy after 30 
minutes i.e,
i) The oxide crystallites formed using an air pressure 
of 50 Pa after 30 minutes are considerably larger than
those formed using an air pressure of .250 Pa i.e
-4- -4
4.5* x 10 T and 1.5 x 10 cm respectively at 255°C.
However the effect of tenperature on the size of tie 
oxide crystallites is the same irrespective of air 
pressure i.e the oxide crystallites are reduced in 
size with increasing tenperature.
ii) The presence of oxide platelets on the alloy at 
295 °C using atmospheric pressure and an air pressure 
of 250 Pa is not shown using an air pressure of 50 Pa.
Figure 62
Scanning Electron Photomicrograph
Of The Oxide Formed On 6C%  Tin-
40% Lead Alloy AFter 30 Minutes
at 255°C Using An Air Pressure
Of 250 Pa v arvy-\ x 6000
Figure 63
Scanning Electron Photomicrograph Of 
The Oxide Formed on 60% Tin-40% Lead 
Alloy After 30 Minutes At 295°C Using 
An Air Pressure Of 250 Pa
x6000
Figure 64
Scanning Electron Photomicrograph 
Of The Oxide Formed On 60% Tin- 
40% Legd Alloy After 30 Minutes 
At 255 C Using An Air Pressure
Figure 65
Scanning Electron Photomicrograph Of 
The Oxide Formed On 60% Tin-40% Lead 
Alloy After 30 Minutes At 295°C 
Using An Air Pressure Of 50 Pa
x 6000
104
The comparison of Figures 6Z to 65" with Figures 51 and 53 shows 
that the appearance of the oxide layers formed using an air 
pressure of 250 Pa and atmospheric pressure are similar. This 
comparison is of particular interest in view of the results 
presented in sub-section 6 .2 .2 .2  which showed that changes in the 
morphology of the oxide layer formed using atmospheric pressure 
could be linked to a fall in the oxidation rate of the alloy with 
temperature. In view of the effects of temperature on the 
oxidation rate of the alloy shown in Figure 4  ^ it is apparent 
therefore that the link is also true with the oxide layer formed 
using an air pressure of 250 Pa. Furthermore the absence of a fall 
in the oxidation rate of the alloy with temperature between 270°C 
and 295 °C using an air pressure of 50 Pa is also consistent with the 
appearance of crystallites in the oxide layer formed at 295 °C rather 
than by oxide platelets as shown in Figure
6 .2.2.5 Conclusion's
1. The oxide layer formed on static melts of 60% tin-40% lead alloy 
after 30 minutes at tenperatures between 240°C and 295 °C using air 
pressures of 50 Pa, 250 Pa and atmospheric pressure consists of 
crystallites which appear to grow from central points until the edges 
mutually impinge. The size of the crystallites decreases with tenperature.
2. Mutual impingement of the oxide crystallites with the formation
of a continuous layer coincides with a maximum in the oxidation rate 
of the alloy with tenperature at 270°C using an air pressure of 
250 Pa.
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3 . A change in the morphology of the oxide layer formed on static melts 
of the alloy occurs at 295°C with the formation of oxide platelets 
using atmospheric pressure and an air pressure of 250 Pa. This 
effect coincides at 295 °C with a minimum in the oxidation rate of 
the alloy with tenperature using an air pressure of 250 Pa which does 
not occur using an air pressure of 50 Pa.
/
4. The crystallites and platelets formed on static melts of the alloy
using atmospheric pressure are conposed predominantly of tin oxide
although sane lead oxide may be present.
—^ . — 4-
5 . The oxide crystallites increase in size from 1.5 x 10 cm to 4.0 x 10 an
after 30 minutes as a result of reducing the air pressure from 250 Pa
to 50 Pa at 255 °C. The oxidation rate of the alloy increases at 
tenperatures above 2$0°C as a result of reducing the air pressure.
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6.3 The Oxidation Of Tin
6.3.1 Kinetics
6 .3.1.1 General
In the previous section it was found that tenperature and oxygen 
pressure show unusual effects on the oxidation rate of static melts 
of 60% tin-40% lead alloy up to 315°C. It was also found that the 
oxide formed on the alloy consisted predominantly of tin oxide.
However, the literature shows that the oxidation kinetics of liquid 
tin have not been determined at tenperatures below 325 °C. It is 
of interest therefore to compare the results presented in the previous 
section with data obtained using static melts of tin under the same 
conditions.
In the present study the oxidation kinetics of static melts of tin 
were determined at tenperatures between 260°C and 325 °C using air 
pressures of 250 Pa and 50 Pa. The results are presented in the 
following subsection.
6 .3.1.2 The Effects Of Tenperature On The Oxidation Rate Of Tin
The weight gains of static melts of tin obtained at tenperatures between 
260°C and 325 °C using air pressures of 250 Pa and 50 Pa are presented 
in Table 32.. The results are plotted against time in Figures 6 6 - 
and the weight gains obtained after a period of 30 minutes are plotted 
against tenperature in Figure 70. Tie corresponding data calculated 
using the results obtained in a previous i n v e s t i g a t i o n (85) are included 
for comparison with the results obtained in the present study.
Figures 6 6 - 6T show that the oxidation rate of static melts of tin 
decrease with time at tenperatures between 260°C and 325°C using 
air pressures of 250 Pa and 50 Pa. Furthermore the oxidation rate of 
tin generally increases with tenperature and the increase is higher 
using an air pressure of 50 Pa. It is also interesting to note that 
the oxidation rate of tin obtained using an air pressure of 50 Pa appears 
to be consistently higher than that obtained using an air pressure 
of 250 Pa.
J-%-/ /
<MI
bD
CD
'9
£
•abfl
-P■a
*$
60
260 C
40
20
30 • Time, Mins10
Figure 66
The Effect Of Time On The Weight Gain Of Tin At 260°C And 295°C 
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The Effect Of Time On The Weight Gain Of Tin At 300°C And 325°C 
Using An Air Pressure Of 50 Pa
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The Effect 'Of Tenperature On The Weight Gain - Of Tin After 30 Minutes 
Using Different Air Pressures
6 .3.1.3 Determination Of The Rate Law And Activation Energy.
A conparison of the isothermal plots shown in figures 66 - 69 with 
corresponding data determined in a previous i n v e s t i g a t i o n (85) indicates 
that the effects of time on the weight gain of static melts of tin are 
similar using atmospheric pressure and air pressures of 250 Pa and 
50 Pa. It was found that the parabolic rate law applied to the data 
determined using atmospheric pressures). Therefore the possibility that 
_ . the plot shown in Figures 66 - 69 obey the parabolic rate law was 
investigated by plotting the square of the weight gains given in "Fable 
3Z against time as shown in Figures 7L - 72 respectively.
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Pressure of 50 Pa
In most cases linear plots are obtained which suggest therefore that
the oxidation kinetics of static melts of liquid tin determined at
tenperatures between 260°C and 325°C using air pressures of 250 Pa
and 50 Pa may be represented by the parabolic equation (2.8). It
A*is interesting to note therefore that the diffusion of Sn- • through SnO^ 
layer was suggested as being rate controlling for the oxidation of 
static melts of tin at tenperatures above 325 °C using atmospheric 
pressure(^ 5).
It is evident from Figure 71 \ ’ ' however that the oxidation rate
of tin obtained at tenperatures of 260°C and 310°C using duP 
oFX^O Pa changes with time. It is shown therefore that there is an 
initial rapid increase in oxidation rate followed by, after a period of 
approximately 10 minutes, an abrupt transition to a lower rate. Two 
stage parabolic oxidation kinetics may often be encountered in oxidation 
studies and many explanations have been proposed to account for this 
effect.
In the present study it is possible that the changes in slope shown 
in Figure: 71- ' are related to the onset of Sn0 2. formation in
the SnO layer. This suggests therefore that the oxide formed on 
liquid tin at temperatures below 325° C using an air pressure of , 50 Pa 
is composed of SnO. .The; preferential formation of SnO^ with 
increasing temperature and oxygen pressure was reported in the literature 
(see subsection 2.7.3).
Values of the parabolic rate constant Kp for tin were obtained by 
calculating the slopes of the isothermal plots shown in Figures 71-72 #
In cases where two stage parabolic kinetics applied the initial 
oxidation rate prior to a possible change in the composition of the 
oxide i.e up to 10 minutes was calculated. The variation in Kp with 
temperature between 260°C and 295 °C is shown in Table 33.
Figure 73 shows plots of log^Kp against the reciprocal of 
absolute temperature. It is shown that the Arrhenius equation 
(2.14) generally applies to the results obtained between 260°C 
and 325°C using air pressures of 250 Pa and 50 Pa although the 
obtained using the higher air pressure is shifted* Frcm the slopes 
of the plots shown in Figure 73 and by taking the intercepts of the 
plots on the log-^ o Kp axis it was found that,
Q = J O -■ - ; , . K cal mole- 1
_ 4 — j
A,- j. 5  x 10 3 c** sec (z(>0°c to 275°C)
x 10“* cj ^ cvx'^secT1 (Z3 5°C bo SiO°C)
for tenperatures between 260°C and 3lO°c using an air pressure of 250 Pa and
Q 10.0 + 0.3 K cal mole- 1
A = 0.04 ± 0.01 x 10- 6
for tenperatures between 260°C and 325°C using an air pressure of 50 Pa.
The values of Q shown above may be compared with that obtained at 
tenperatures above 325°C by Gruhl and Gruhl^  ^  using atmospheric 
pressure i.e
QL= 20 ± 2.0 K cal mole - 1
Therefore the values of Q obtained for tin at tenperatures in excess 
of 260°C show that there is good agreement between the results 
obtained using zxn etir^ ressure cfbO £ and on air pressure of 250 Pa.
As the parabolic rate law was found to apply to the kinetic data 
determined for liquid tin the agreement between the values of Q 
indicates therefore that the same rate controlling mechanism applies 
in both cases .
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Figure 73
The Variation In Log-,n Kp With The Reciprocal Of Absolute Temperature 
For Tin Using Different Air Pressures
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6 .3.1.4 Effects Of Air Pressure On The Oxidation Rate Of Tin
The literature shows that the effects of air pressure on the oxidation 
rate of liquid tin have not been determined.
In the present work it was found that the oxidation rate of liquid 
tin shows an inverse dependence on air pressure at tenperatures above 
260°C. Furthermore this effect appears to be consistent with
j
the weight gahs obtained • - - • - . - .
in a previous investigation^^) using atmospheric pressure as shown
in Figure 70. This effect is of particular interest as a similar
effect was reported in section 6 .2 using static melts of 60% tin-
40% lead alloy at temperatures between 255°C and 295°C and in a
previous investigation using solid lead(1 0^ ) #
6 .3.1.5 Conclusions
1. The oxidation kinetics of static melts of tin in general obey 
the parabolic rate law at tenperatures between 260°C and 325°C using 
air pressures of 250 Pa and 50 Pa. A. diffusion controlled 
mechanism is therefore indicated. The oxidation rate of tin increases 
with tenperature and the rate of the increase is higher using an air- 
pressure of 50 Pa than 250 Pa.
2. It is possible that the same mechanism controls the oxidation
rate of tin at tenperatures above 260°C using ajv 8UT” pressure of SO fa,
and an air pressure of 250 Pa.
3. At tenperatures of 260°C to 310°C two stage parabolic oxidation 
kinetics apply to tin for periods up to 30 minutes using an air 
pressure of 250 Pa. It is suggested that this effect could be the 
result of a change in the conposition of the oxide layer.
4. The oxidation rate of tin is greater using an air pressure of 
50 Pa than 250 Pa at tenperatures above 260°C.
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6.3.2 Examination Of The Oxide Layer
6 .3.2.1 General
In section 6.2 it was shown that abrupt changes in the oxidation rate 
of static melts of 60% tin-40% lead alloy could be linked with changes 
in the morphology of the predominantly tin oxide layers.
The literature shows that the oxide layers formed on liquid tin may be 
composed of SnOf Sn0 2 or a mixture of these oxides depending on the 
conditions of tenperature and oxygen pressure(72) (85) (121) (122) ^
However it is apparent that the morphology of the oxide layers formed 
on liquid tin was not examined. It is of interest in the present 
study therefore to conpare the results obtained using liquid 60% tin- 
40% lead alloy with results obtained using liquid tin under the 
same conditions.
In this subsection the results of examinations carried out on the 
oxide layers formed on static melts of tin using the scanning 
electron microscope are presented. The results are obtained using 
the technique described in section 4.2.
6 .3.2.2 The Effects Of Tenperature And Air Pressure On The 
Morphology Of The Oxide Layer.
Figures 74 and 75 show scanning electron photomicrographs of the oxide 
layers formed on beads of tin after 30 minutes at tenperatures of 260°C 
and 295°C respectively using an air pressure of 250 Pa. Figures 76. 
and 77 show scanning electron photographs of the oxide layer formed 
on beads of tin after 30 minutes at tenperatures of 265’°C and 300°C 
using an air pressure of 50 Pa.
It is shown that the oxide layers consist of tiny crystallites which 
appear to increase in size with tenperature and a reduction in the 
air pressure. Crystallites were found to vary in diameter between
•"* ^  p.approximately 0.1 and 0.5 x 10 cm. Furthermore Figures 74 to 77- 
show that the space between the crystallites increases with the size 
of the crystallites. In a previous study it was found that the spaces 
between the SnO crystallites growing on solid tin are bridged by 
large oxide platelets (174) ^ However in the present study it is not
Figure 74
Scanning Electron Photomicrograph 
Of The Oxide Formed On Tin After 
30 Minutes At 260°C Using An Air 
Pressure of 250 Pa 
x 6000
Figure 76
Scanning Electron Photomicrograph 
Of The Oxide Formed On Tin After 
30 Minutes At 265°C Using An 
Air Pressure of 50 Pa 
x 6000
Figure 75
Scanning Electrong Photomicrograph 
Of The Oxide Layer Foimed On Tin AFter 
30 Minutes At 295 C Using An Air 
Pressure of 250 Pa 
x 6000
Figure 77
Scanning Electron Photomicrograph 
Of The Oxide Formed On Tin After 30 
Minutes At 300°C Using An Air 
Pressure of 50 Pa 
x 6000
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possible to detect the presence of oxide between the 
crystallites. It may also.be noted from the; ,
previous investigation that the size of the oxide crystallites 
formed on solid tin was reduced with an increase in oxygen 
pressure(174) .
It is interesting to compare the size of the oxide crystallites formed 
on static melts of tin and 60% tin-40% lead alloy under the same 
conditions. A comparison of Figures '74 and ;76 with Figures .62 and 64 
show that the crystallites formed on liquid tin are much smaller at 
255 °C than those formed on the alloy. However if Figures 7 5 and 63 - 
are compared it is apparent that the oxide crystallites formed on 
liquid tin are of a similar size to the platelets formed on the alloy 
at 295 °C. The density of the crystallites per square centimetre of 
tin surface is approximately 1.0 x lO & crrT^  at 295 °C using an air 
pressure of 250 Pa.
With so few results an attempt to link changes in morphology to the 
oxide layer with the oxidation kinetics would be premature. It 
is interesting to note however that the increase in the size of the 
/oxide crystallites and the oxidation rate of tin with a reduction 
in air pressure also occurs using static melts of 60% tin-40% lead 
alloy.
6 .3.2.3 Conclusions
1. The oxide layer formed on static melts of tin after 30 minutes 
at temperatures of 255 °C and 300°C using air pressures
of 250 Pa and 50 Pa consist of crystallites with diameters between
0 .1  x 10“4 and 0.5 x 1 0 “ 4 vcmThe oxide crystallites increase in size 
with temperature and a . reduction in • air pressure.
2. The increase in size of the crystallites coincides with an 
increase in the space between the crystallites and an Increase in 
the oxidation rate of tin.
0.4 The Oxidation Of Solid Lead
6.4.1 Kinetics
6 .4;. 1,1 General ' •
In section 6.2 it was found that the temperature and oxygen pressure 
showed unusual effects on the oxidation rate of static melts of 
60% tin-40% lead alloy up to 315°C. It was also found that the oxide 
consisted predominantly of tin oxide. However, in .sections£.2’ and
6.3 it was shown that the effects of temperature on the oxidation rate 
of liquid 60%-tin 40% lead alloy and tin may be different using the 
same conditions. It is interesting to note that the oxide layer 
formed on the alloy may also contain a small amount of lead oxide. 
Therefore it is of interest to compare the results presented in 
section 6 .2  using the alloy with data obtained using lead under the 
same conditions.
In the present study the oxidation kinetics of solid lead were 
determined at temperatures between 255 °C and 315°C using air pressures 
of 250 Pa and 50 Pa. The results are presented in the following 
subsections'. .
6 .4.1.2 The Effects Of Temperature On The Oxidation Rate Of Solid Lead 
The weight gains of lead obtained with terrperatures between 255°C and 
315°C using air pressures of 250 Pa and 50 Pa are presented in Table 
3/f. The results are plotted against time in Figures 78 to 61 and the 
-weight gains obtained after 30 minutes are plotted against temperature 
in Figure Corresponding data calculated using the results
determined in previous investigations (161}(163) are included in comparison 
with the results obtained in the present study.
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The Effect Of Time On The Weight Gain Of Lead At 255°C And 270°C 
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The Effect Of Time On The Weight Gain Of Lead At 280°C, 295°C and 
315°C Using An Air Pressure Of 250 Pa
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The Effect Of Time On The Weight Gain Of Lead At 255°C And 28Q°C 
Using An Air Pressure Of 50 Pa
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The Effect Of Time On The Weight Gain Of Lead at 295°C And 315°C
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A number of interesting effects are apparent from the results 
presented in this subsection i.e,
i) The isothermal plots shewn .in Figures .78-81 indicate
that the oxidation rate of solid lead decreases 
with time at temperatures between 255°C and 315°C using 
air pressures of 250 Pa and 50 Pa.
ii) The oxidation rate of the lead appears to fall 
slightly with temperature between 270°C and 295°C using 
an air pressure of 250 Pa.
iii) The fall in the oxidation rate of lead with 
temperature between 255 °C and 295 °C is eliminated as a 
result of reducing the air pressure from 250 Pa to 50 Pa.
iv) The oxidation rate of lead is considerably increased 
at temperatures between 255°C and 315°C as a result of 
reducing the air pressure.
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It is proposed to discuss each of these points in the order 
shown above.
6 .4.1.3 Determination Of The Rate Law And The Activation Energy 
A comparison of the isothermal plots shown in Figures 78 to 81 with 
corresponding plots shown in sections6.3 and 6.4 indicates that the 
effects of time on the weight gains of 60% tin-40% lead alloy, tin 
and lead are similar. Therefore the possibility that the plots shown 
in figures 78 to 81 obe^the parabolic rate law was investigated by 
plotting the square of the weight gains given in Table 34- against 
time as shown in Figures 83-84. The linear plots obtained in general 
suggest that the oxidation kinetics of solid lead at 
tenperatures between 255 °C and 315 °C using, air pressures of of 250 Pa 
and 50 Pa may be represented by the parabolic equation 2.8.
The literature shows that at tenperatures of. interest in the present 
work the oxidation kinetics of lead obey the linear rate law using 
oxygen pressures below 1.0 Pa and the parabolic rate law of oxygen 
pressures above 4 Kpa(10)(120) (161) (163) (164)  ^ the higher oxygen 
pressures it was proposed that diffusion was rate controlling which 
it was suggested, accounted for the positive dependence of the 
parabolic rate constant on oxygen pressure (-^ 1 ) ( ) .
Values of the parabolic rate constant kp were obtained by calculating
i' the slopes of the plots shown in Figures S3 to 84 4 The variation
in Kp with tenperature between 255 °C and 315°C using air pressures of 250 Pa 
and 50 Pa is shown in Table 35*
Figure 8-5 shows plots of log ^  kp against the reciprocal, of absolute 
tenperature# It is shown that the A rr^ eni-us equation (2.14) applies 
to the results obtained between 255°C and 315°C using an air pressure 
of 50 Pa. Fran the slope of the single straight line plot shown 
in Figure it was found that the/A rr^ ien:'-Vs energy of activation.
Q = 16, i 1.3 Kcal mole ^
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The Effect Of Time On Hie Square Of The Weight Gain For Lead 
Using An Air Pressure Of 250 Pa
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The Effect Of time On The Square Of The Weight Gain For Lead Using An 
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Furthermore by taking the intercept of the same plot on the log^ g 
axis it may be shown that,
A = 0.08 + 0.15 x 10~ 4 q T'qm
The value of Q shown above may be compared with several other 
values obtained for solid lead using a similar range of temperatures 
at different air pressures by referring to Table 1 0 . It is shown that 
values of Q determined in the present study and in previous 
investigations (161) (163) not agree well which is
consistent with a - dependence of Q on oxygen pressure*
6.41 i  The Effect Of Air Pressure On The Oxidation Rate Of Lead 
The literature shows that the fall in the oxidation rate of lead with 
terrperature between 270°C and 295°C obtained in the present study 
using an air pressure of 250 Pa does not apparently occur using 
atmospheric pressure or an air pressure of 4 l<Pa (161)(163)
It is intersting to note therefore that the results given in Table 35 
show that this effect is eliminated if the air pressure is reduced 
from 250 Pa to 50 Pa.
An inverse dependence of oxidation rate on temperature over a narrow 
range has been reported for a number <f metals( 48)(87)(120)(148)(176~185) 
as described in subsection 5.3.2. It was also shown that a fall in 
the oxidation rate of solid-niobium and tantalum with temperature may 
be eliminated as a result of reducing the air pressure^^^"^^^^. 
Figure 82 shows that the weight gain bf lead after 30 minutes is 
considerably increased at temperatures between 255°C and 315°C as a 
result of reducing the air pressure frcm 250 Pa to 50 Pa. It is 
interesting to recall therefore from section 6 .2  that an inverse 
dependence of oxidation rate on temperature occurs between 270°C and 
295°C using 60% tin-40% lead alloy and this effect may be eliminated 
by reducing the air pressure.
Fran the!.literature it is apparent that the oxidation rate of lead 
may show either a positive or negative dependence on oxygen pressure 
using different temperatures^  , However the data were found
to describe different rate laws i.e the parabolic rate law applied 
to the data obtained at tonparatures between 240°C and 327°C using oxygen/ 
nitrogen mixtures containing more than 5% oxygen and the inverse
logarathmic rate law applied to the data obtained at tenperatures up 
to 150°C using oxygen pressures between 1.33 Pa and 133 
Therefore different oxidation mechanises were assumed to be rate 
controlling under the described conditions.
6.4.1.5 Conclusions
1. The oxidation kinetics of solid lead obey the parabolic rate 
law at tenperatures between 255°C and 315°C using air pressures of
250 Pa and 50 Pa. Therefore a diffusion controlled mechanism is implied.
2. It appears that the oxidation mechanism for solid lead may be 
dependent on oxygen pressure.
3. The oxidation rate of lead was found to fall slightly with 
tenperatures between 270°C and 295°C using an air pressure of 250 Pa.
This effect may be eliminated as a result of reducing the air pressure 
from 250 Pa to 50 Pa.
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4. The oxidation rate of lead was found to be considerably 
increased at tenperatures between 255°C and 315°C as a result 
of reducing the air pressure.
6.4.2 Examination And Analysis Of The Specimens
6 .4.2.1 General
It was found in section 6.2 that abrupt changes in the oxidation 
rate of static melts in 60% tin-40% lead alloy could be linked to 
changes in the morphology of the oxide layers. The literature 
shows that the oxide layers formed on solid lead may be conposed of 
c< - pbO or JB -PbO depending on the conditions of tenperature 
and oxygen pressure (10)(120) (161-165) # Furthermore the morphology 
of the oxide layers does not appear to have been examined. It 
was considered therefore that the examination and analysis of the 
oxide layers formed on solid lead may provide useful information 
regarding the oxidation mechanism.
In this subsection the results are presented for examinations carried 
out using scanning'electron microscopy and X-ray diffraction on lead 
specimens oxidised using air pressures of 250 Pa and 50 Pa at 
temperatures between 255°C and 315°C for periods of 30 minutes.
In addition results are presented of the examinations carried out on 
lead specimens after oxidation in the hot stage of a diffractometer. 
The techniques employed to examine and analyse the oxidised specimens 
were described in section 4.2.
6 .4.2.2 The Effects Of Temperature And Air Pressure On The 
Morphology Of The Oxide Layer
Figures S' 6 to ^ 1  show scanning electron photomicrographs of the 
surfaces of lead specimens oxidised for 30 minutes at tenperatures 
of 270°C and 295°C using atmospheric pressure and air pressures of 
250 Pa and 50 Pa.
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Figure 86
Scanning Electron Photomicrograph 
Of The Oxidised Surface Of Lead 
After 30 Minutes At 270°C Using 
An Air Pressure Of 250 Pa 
x 8000
Figure 87
Scanning Electron Photomicrograph 
Of The Oxidised Surface Of Lead 
After 30 Minutes At 295°C Using 
An Air Pressure Of 250 Pa 
x 8000
Figure 88
Scanning Electron Photomicrograph 
Of The Oxidised Surface Of Lead 
After 30 Minutes at 270°C Using 
Atmospheric Pressure 
x 8000
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Figure 89
Scanning Electron Photomicrograph 
Of The Oxidised Surface Of Lead 
AFter 30 Minutes at 295°C Using 
Atmospheric Pressure 
x 8000
Figure 90
Scanning Electron Photomicrograph 
Of The Oxidised Surface Of Lead 
After 30 Minutes At 270°C Using 
An Air Pressure of 50 Pa 
x 8000
Figure 91
Scanning Electron Photomicrograph 
Of The Oxidised Surface Of Lead 
After 30 Minutes at 295°C Using 
An Air Pressure of 50 Pa 
x 8000
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Figure 8 6 shows that the lead specimen oxidised at 270°C using 
an air pressure of 250 Pa has a very uneven surface where 
identification of any notable features is difficult. Figure 87 
however shows that the specimen oxidised at 295°C using an air 
pressure of 250 Pa is covered by octahe&al crystallites within 
average size of approximately 0.5 x 10"^ cm. The density of the 
crystallites per unit area of lead surface is approximately 
4 .0  x 1 0 cm and a degree of preferred orientation is shown.
It is interesting to note the carparison of Figures 87 and ,89 
that the density of the crystallites per unit area of the lead 
surface is approximately equal using atmospheric pressure and an air 
pressure of 250 Pa i.e 5.0 x 10  ^per square centimetre . However 
the crystallites formed using atmospheric pressure are generally 
smaller i.e the average size is approximately 0.25 x 10”^  cm and diow 
a regular less regular shape and have a more randan orientation. 
Therefore it appears that the cyrstallites formed using atmospheric 
pressure are in a less advanced state of growth. Furthermore it 
appears that the crystallites form fron •* nuclei which grow in 
randan directions to produce a number of projections. The spaces • 
between the projections are then filled to form regular octahedral 
crystallites.
Figures 9 0 and 91 show the surfaces of lead specimens oxidised 
at 270°C and 295°C using an air pressure of 50 Pa. In both cases 
it is evident that identification of any notable features is very 
difficult. If Figure 9] . is compared with the corresponding specimens 
oxidised using atmospheric pressure and an air pressure of 250 Pa
i.e Figures and £ 7 it is sham . that at 295°C the effect of 
reducing the air pressure is to eliminate 
cystallites.
The results described above are particularly interesting in view 
of the quantitative results presented in subsection 6.412which 
showed that the formation of the crystallites coincides with the 
minimum in the oxidation rate of lead at tenperatures between 255 °C 
and 315 °C. This conparison therefore indicates also that the 
oxidation rate of lead determined using atmospheric pressure may 
also show a minimum at 295 °C.
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A possible link between an abrupt change in the oxidation rate 
and the morphology of the oxide layer was also reposed.in subsection
6.2.2 for 60% tin-40% lead alloy. It is interesting to note that 
these results appear to be consistent with the results of previous 
studies in which the fall in the oxidation rate of solid zinc, 
niobium and tantalum was reported with temperature(176)( 189) (190) t 
This effect was attributed to changes in the conpactness or structure 
of the oxide layer.
6 .4 .£. 3 Analysis Of The Lead Specimens Using X-Ray Diffraction 
Table 36 shows the results of analysing specimens of lead oxidised 
at’ temperatures between 255°C and 315°C for 30 minutes using 
atmospheric pressure and air pressures of 250 Pa and 50 Pa. At\ 
essential section or a typical X--ray trace obtained using a lead 
specimen oxidised at '270°C and an air pressure of 250 Pa is 
sUown in Figure 92. It may be noted that there are two omissions 
in Table .36 i.e fch.6 oxidation of lead at 315°C using atmospheric 
pressure. The reason for these emissions is that the maximum 
operating temperature of the hot stage on the diffractometer is 
300° C. .
A number of interesting points arise from the comparison of the 
results shown in Table 36 i.e,
i) The oxide formed on solid lead after 30 minutes
at temperatures between 255 °C and 315 °C using atmospheric 
pressure and air pressures of 250 Pa and 50 Pa is composed 
of tetrogonal - «*4 — PbO or a mixture of - PbO and
yS-PLO.
ii) A change in the composition of the oxide does not 
apparently occur as a result of allowing the specimens 
to cool to room temperature.
iii) The composition of the oxide layers formed on lead after . 
30 minutes at temperatures between 255 °C and 315°C using an 
air pressure of 250 Pa and atmospheric pressure is apparently 
the same.
The literature shows that tetragonal - PbO may be ‘the only
oxide present on solid lead using atmospheric pressure (1 0 ) (1 2 0) (161) 
whereas orthorhombic / p> - PbO may be the only oxide present using 
oxygen pressures lower than 4 K'Pa( 162-165)  ^ Furthermore o<* - PbO 
is the stable modification of PbO at temperatures up to 486°c(15°-156) • 
It is interesting to note that Gruhl(87) detected formation of -PbO 
as an initial reaction product between liquid lead and oxygen at 
tenperatures ip to 450°C. The results shown in Table 36 suggest 
therefore that tlais could-al sobethe case in the present study as it may 
be noted that ft - PbO was always found with ~ PtO ,
6 .4.3.4 Conclusions
1. The oxide layers formed on solid lead after 30 minutes at 
temperatures between 255°C and 315°C using air pressures of 1 atmosphere,. 
250'Pa "and 50 Pa are composed of oC- PbO or a mixture of - PbO
and p - PbO.
2. Lead specimens oxidised at 295 °C after 30 minutes using an 
air pressure of 250 Pa are covered in octahedral cyrstallites with 
an average size of 0.5 x 10_^ cm.
3. The formation of the crystallites coincides with a minimum 
in the oxidation rate of lead with temperature between 255°C and 
295°C.
4. The cystallites appear to grow along projections from a central 
nucleus* In-filling of the spaces between the projections then
occurs to form octahedral crystallites.
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5. The composition of the oxide does not appear to change as 
a result of cooling the specimen to room temperature.
6 . The composition of the oxide layer formed on solid lead after 
30 minutes at temperatures between 255 °C and 315 °C is the same 
using atmospheric pressure arid an air pressure of 250 Pa.
7. Crystallite growth at 295°C appears to be in a more advanced 
• m state after 30 minutes using an air pressure of 250 Pa than
atmospheric pressure.
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Figure 92
Schematic Representation Of An X-ray Trace Obtained From A Sdlid Lead 
Specimen Oxidised At 270°C For 30 Minutes Using An Air Pressure Of 250 Pa 
Radiation CuKe<, 36kV/25 mA, Range 300 CPS, Scanning Speed 2°/Minute,
Chart Speed 3 cm /minute
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DISCUSSION OF RESULTS
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7.1 Introduction
The principal. aim of the present study is to determine the factors 
which control the oxidation kinetics of stirred tin-lead alloys.
This information should be. cf interest in wave soldering where the 
oxidation and drossing rates of 60% tin-40% lead alloy solder are 
important factors with regard to the efficiency of the process.
The literature shows that kinetic data has been determined for 
static melts of 60% tin-40% lead alloy at tenperatures above 
295°C. However, it is evident from the literature that the 
mechanisms which control the oxidation kinetics of liquid metals 
and alloys may be different depending not only on whether the melt 
is static or agitated but on the nature of the agitation. It was 
also noted that factors other than the oxidation rate of an agitated 
melt may control the drossing rate. Furthermore, few attempts 
appear to have been made to understand the oxidation mechanisms which 
apply to agitated melts of non-ferrous metals and alloys and it was 
hoped that the results of the present study may therefore represent 
a contribution in a wider context.
The wave soldering machine represents a complex oxidation and drossing 
system and it was obvious that a simplified arrangement would be 
required to determine the quantitative data. Consequently a stirring 
system was devised which enabled reproducible and reliable results to 
be obtained. A number of interesting effects were apparent from the 
results obtained using 60% tin-40% lead alloy and additional 
experiments using static melts were carried out to show the influence 
of stirring on the oxidation kinetics of the alloy. The oxide layers 
were examined and analysed using a range of techniques in order to 
obtain information regarding the oxidation mechanism which applies 
under the given conditions.
The most important effects in terms of the aims of the present study 
may be summarised as follows:
i) Unusual oxidation kinetics i.e showing an increasing 
rate, were obtained using sti’rrecl melts of 60% tin-40% lead alloy 
at tenperatures between 200°C and 408°C. However the oxidation 
rate of the alloy under static conditions obeysthe 
parabolic law. It is apparent therefore that a factor other 
than the oxidation rate of the alloy controls the effect of time 
on the weight gain obtained using stirred melts.
ii) An inverse dependence of oxidation rate on temperature 
between approximately 270°C and 295 °C was discovered using 
60% tin-40% lead alloy. This effect is of particular interest 
as it was found to coincide with a considerable rise in the 
drossing rate of the stirred alloy.
Two further effects should also be noted:
i) The maximum and minimum in the oxidation rate of 60% tin- 
40% lead alloy obtained iviWv temperature at 270°C and 295°C 
were found to coincide approximately with the formation of & 
con&ViUous Otfctelayer and an abrupt change in oxide morphology 
respectively.
ii) The fall in the oxidation rate of the alloy with temperature 
was found to coincide with a similar effect obtained using 
solid lead.
In this chapter the effects described above are set in the context of 
the literature and similarities and inconsistencies are discussed.
In addition the relevance of existing theories to the results of the 
present study is considered and an attempt is made to present a 
hypothesis which accounts for all effects of stirring. As a result of 
the discussion of results the factors which control the oxidation arsd 
drossing rates of stirred 60% tin~40% lead alloy are identified.
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7.2 The Influence Of Drossing On The Cbdbdation Rate Of Stirred 
Melts Of 60% Tin 40% Lead Alloy
7.2.1 General
The literature shows that the weight gain of a metal or alloy with 
respect to time often obeys one of a number of laws which . . • indicates 
the nature of the rate controlling mechanism. Therefore, the linear 
rate law indicates that a reaction at an interface is rate 
controlling and a parabolic rate law is indicative of a diffusion 
controlled reaction assuming that the surface area of the specimen 
exposed is constant with time. In this respect the increasing 
oxidation rates obtained using stirred melts of 60% tin-40% lead 
alloy at tenperatures between 200°C and 408°C are very unusual.
Furthermore, it has been shown in Chapter 6 that the oxidation rate 
of static melts of the alloy obey the parabolic law at temperatures 
above 255 °C using i air pressures of 250 Pa and 50 Pa. This is also the case at 
temperatures above 295°C using atmospheric pressure(6 6) #
In this section the effects of time and temperature on the weight 
gain of static and stirred melts of 60% tin-40% lead alloy are 
compared so that the influence of stirring may be shown.
7.2.2 The Effective Surface Area Exposed As A Result Of Stirring
The literature shows that an increasing oxidation rate may be the 
result of:
i) An increase in the surface area of the specimen e.g following: 
the sublimation of magnesium at 525°C^^|
ii) The lateral growth of oxide platelets as derived 
theoretically by Evans (190)^
It is apparent however that the weight gain of a stirred metal or 
alloy at constant tenperature obtained for a surface which is swept 
at regular intervals should increase at a constant rate Irrespective 
of the oxidation kinetics. In Chapter 5 it was suggested that the 
formation of dross as a result of stirring the alloy increased the 
surface area of the specimen exposed to the air and thereby controlled 
the oxidation kinetics of the alloy.
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It is of interest therefore to show the effect of stirring on the 
surface area of the alloy exposed by dividing the total weight 
gain obtained using stirred melts by the weight gain per square 
centimetre obtained using static melts for periods up to 30 minutes.
As , kinetic datawas 'not available atHOCthe weight gains of the static 
nfeits were- used to obtain the surface area of the alloy exposed 
correspond to an air pressure of 250 Pai
The estimated surface areas obtained at 270°C and 295°C using a
stirring rate of 32 rpm for periods of up to 45 minutes are presented
in Table 37 and plotted against time in Figure S3. It may be noted
2that when /t = 0 the effective surface area of the alloy = 14.92- cffT
which is the surface area of the specimen exposed prior to stirring. 
As the weight gain of static melts of 60% tin-40% lead alloy was not 
determined in the present study for periods in excess of 30 minutes, 
the required Values were calculated using the corresponding 
parabolic rate constants given in Table 31.
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Figure 93
The Effective Surface Area Of Alloy Exposed WithiTime As A Results 
Of Stirring Using A Rate of 32 r.p.m ” :
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The isothermal plots included in Figure R3 show that the weight 
increase in the effective surface area of the stirred alloy 
diminishes with time at 270°C and 295°C. The reason for the 
diminishing rate . - is unclear from the results although
the presence of dross in the stirred bath may reduce the area 
exposed by sweeping the surface of the alloy. Furthermore the 
effective surface area of the stirred alloy at 295°C is shown 
to be considerably greater than that at 270°C for periods up to 
30 minutes. The effect is consistent with the higher drossing 
rate of the stirred alloy at 295°C as shown in Figure 19 assuming 
that the swept area is constant irrespective of temperature.
Figure 9 3 clearly gives no indication however of why the weight 
gain versus time plots obtained at 270°C and 295 °C intersect after 
22 minutes as shown in Figure 18. This effect is clearly inconsistent 
with the results obtained using static melts which show that no 
intersection occurs for periods 15) to 30 minutes using an air pressure 
of 250 Pa (see Figure 40).
If the results described above are plotted against time therefore a 
fall in the weight gain of stirred 60% tin-40% lead alloy is shown 
between 270°C and 295°C after periods of 30, 45 and 60 minutes but 
not after 15 minutes (see Figure 24). Furthermore Figure 25 shows 
that a steep rise in dross weight occurs between 270°C and 295 °C after 
periods of 15 and 30 minutes. It may be concluded therefore that 
at first, sight the results obtained in the present study are contradictory 
as.dross consists of alloy plus oxide.
H o t it may be possible to show that the additional surface area 
of the specimen exposed as a result of drossing determines the effect 
of temperature on the weight gain of the stirred alloy. The weight 
gains shown in Figure 24 are discussed in the following subsection.
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7.2.3 The Effects of Drossing On The Weight Gain Of Stirred 
60% Tin-40% Lead Alloy With Respect To Temperature
In this subsection an attempt is made to account for the apparent 
inconsistency in the weight gains of stirred 60% tin-40% lead alloy 
obtained at 270°C and 295°C after periods of 15, 30 and 45 minutes. 
In order to estimate the weight gains it is necessary to make a 
number of assumptions i.e,
i) The ratios of the oxidation rates of the alloy obtained at 
270°C and 295°C are similar using atmospheric pressure and an 
air pressure of 250 Pa.
ii) The swept area increases at a constant rate with time 
for periods up to 45 minutes using a stirring rate of 32 rpm„
iii) The surface area of the dross specimens heated at 270°C 
and 295°C for periods up to 30 minutes using an air pressure 
of 250 Pa is representative of the dross formed in the stirred 
bath;'-.
iv) The increase in weight of the alloy as a result of 
oxidation during the period required for the specimen to obtain 
test temperature i.e 5 minutes,is negligible in terms of the 
overall weight gain of the stirred specimen.
v) The weight gain of the alloy as a result of the oxidation 
of the unstirred area i.e the annulus between the swept
area and the crucible wall is also negligible.
vi) The weight gain of the alloy as a result of oxygen and 
nitrogen dissolution in the melt is negligible.
The solubilities of oxygen in tin and lead at 400°C are very small 
i.e 0.0001 weight per cent and 0.0005 weight per cent respectively 
using atmospheric p r e s s u r e (94-100) . As the weight gain of the 
specimen used in stirring experiments was approximately 1 0 0 grams 
it can be seen that weight gain due to oxygen dissolution in the
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specimen after 45 minutes is within the working accuracy of the 
stirring experiment i-<2 *1.2 x 10“3g for the total weight gain.
The corresponding data for nitrogen does not appear to have been 
determined.
The weight increases given in i'^ and v) may be estimated using the
parabolic rate constants obtained for static melts of 60% tin-40%
lead alloy at 270°C using an air pressure of 250 Pa i.e.
kp(270°c)= 4.83 x 1 0“ ^2 g2 cm-4 sec“l (see Table 31). Therefore the
total area exposed prior to stirring, ,
=  t93- — : area of s t ir r e r  blade in  contact w ith the melt
V=  'li’92 cm where,
(^ = tke fBjdCus of tUe cru^kie c
The total weight gain obtained after 5 minutes therefore 
(4.83 x 10“12 x 300)* x 14.92 = 0.57 x 10“3 g .
The u n stirred  area ,
= total area - swept area = yr ( R -r ) where r  =  >i t h e  M a d e .
Lenjfeli"'Therefore the unstirred area^ jy^ 2.552>-(2.02)] = 7.85 cm2.
Therefore the total weight gain obtained after 45 minutes at 270°C =•
(4.83 x 10”3-2 x 2700)^  x 7.85 = 0.90 x 10“3 g .
These values are within the working accuracy of the stirring experiments 
and may therefore be neglected.
It may be assumed from *' above therefore that the total weight gain 
of (te stirred alloy is the sum of the weight gain of the swept area and 
the weight gain as a result of oxidation of the dross. The swept area 
was shown in subsection 3.2.5.4 to be 11.78 cm-2 (oi. ). Therefore 
the total area exposed (A)in time "t = ^ 6 0tn. (......7.1)
where £0 equals the stirring rate in rpm and n = the number of stirrer 
blades of length T.
For a twin blade of negligible width the surface is renewed every 
60/ uO n seconds. However for a twin bladed stirrer of width d 
the surface is renewed every,
60 / to n , 77T- d . = S seconds
7TT
Therefore using a stirring rate of 32 rpm and . twin blades
each with a length of 2.0 cm and width 1.5 cm,any point on the swept
surface will oxidise for S = 0.72 seconds.
Therefore the total weight gain of the swept area at 270°C,
ss ( kp270°C x S)^ o££Jtn = 42.22 x 1 0“ 3 g (.... 7.2)
Fran the value of Kp (295° c) given in Table 31 the total weight gain of 
the swept area at 295°C = 30.9 x 10- g^ (.... 7.3)
Equations (7.2) and (7,3) may be compared with the total weight gains 
obtained by experiment i.e 25.2 +. 1.2 x 10"^g at 270°C and 22.5 ±. 1.2
x 10"  ^g at 295°C. Two possibilities are considered to explain
the considerable discrepancies between the results i.e,
i) The oxidation rate of the alloy is lower using atmospheric 
pressure 1han an air pressure 250 Pa.
ii) The swept area is reduced with time as a result of the 
accumulation of dross in the stirred bath.
The comparison between the values of Kp obtained at 295 °C in the 
present study and in the previous study(6 6) using atmospheric pressure 
shows that the oxidation rate of the static alloy is lower in the
latter case i.e 2.59 x 10“^  g^  cm sec and 8.98 x 10“^  g^  crrf^  sec- -^ 
respectively. It is apparent therefore that either or both of the 
possibilities given above may apply to the results in the present 
study. However the purpose of these calculations is to show how the 
estimated weight gains compare, at 270°C and 295 °C with the aim of 
e lucidating an apparent anomally in the results obtained in the 
present study. The matching of absolute values is not expected in 
view of the assumptions made.
The contribution of the dross to the overall weight gain of the 
stirred alloy may be estimated using the weight gains obtained for 
the dross when heated at 270°C and 295°C using an air pressure 
of 250 Pa. The values are included in Table 30. In subsection
6.2.1.2 it was shown that the effective surface area of 0.05 g of 
dross .is 1.23 + 0.11 cm2 at 270°C and 1.35 ± 0.15 cm2 at 295°C.
Furthermore using these results the total surface area of the dross
exposed after 15, 30 or 45 minutes may be estimated from the total
weight of dross produced (see Table 19). Therefore the surface area
of the dross formed after 30 minutes using stirred 60% tin-40% lead~alloy at
Xn°JL,
1 0 
= 1.299x 11.78 x . o7o5 x 1-35 = 413-1 cm
The effective surface areas obtained for other values of time are 
given in Table 38.
Therefore the estimated weight increase after 30 minutes as a result 
of drossing at 295°C,
= 413.1 x (2.59 x 10"12 x 1800)^  = 19.50 x 10“3g (.....7.4)
The corresponding value at 270°C/
= 209.1 x (4.83 x 10"12 x 1800)^  = 28.20 x 10"3g (.....7.5)
Therefore the total calculated weight gain for stirred 60% tin-40% 
lead alloy after 30 minutes using a stirring rate of 32 rpm at 
270°C = ‘ equations (, .2)4%.. 4)
^ 61.;.7 2 x 10” 3 g (.....7.6)
and at 295°C the total weight gain = equations >5)
* 59.10 x 10*“3 g.....................................(..... 7.7)
The cortparison of the calculated weight gains as shown by equations 
(,7.6)and(7.7) and the weight gains obtained experimentally shows . 
considerable -differences,Two possible explanations for the 
discrepancy were discussed above. It is interesting to note that 
although the oxidation rate of static 60% tin-40% lead alloy using an 
air pressure of 250 Pa is considerably greater at 270°C than 295°C
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i.e 4.83 and 2.59 x 10“^  crrf^  Sec respectively, the
corresponding weight gains of the stirred alloy are very similar
i.e 2.14 x 10~3 g cm~2 1.91 x 1 0”  ^g cm-  ^(see Table 18) .
However it may be concluded from the calculations above that the 
apparent inconsistency between the results obtained using static 
and stirring conditions is due to the large differences in the 
effective surface area of the dross formed at 270°C and 295°C.
The values of the effective surface area of the dross included in 
Table 38 are plotted against tine in Figure 94.
As expected from Figure 19 the isothermal plots show an increasing 
rate with periods up to 45 minutes. Figure $4*.- therefore confirms 
the suggestion made in Chapter 5 that the drossing rate of the stirred 
alloy controls the oxidation rate. This result represents an inport ant •
difference between static and stirred melts i.e the oxidation kinetics 
of static melts may be generally interpreted using the theories proposed 
for solid metals whereas this does not appear to be true for stirred melts.
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Figure 94
The Effective Surface Area Of The Dross Formed With Time at 270° C and 295° C 
Using a Stirring Rate of 32 r.p.m
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In view of the considerable effect of drossing on the weight 
gain of stirred 60% tin - 40% lead alloy obtained after 30 minutes 
it is of interest to calculate the weight gain of the stirred 
alloy at 270°C and 295°C after periods of 15 and 45 minutes. The 
results of these calculations may be of particular interest as 
figure 24 shows that the weight gain of the stirred alloy obtained 
after 15 minutes is greater at 295°C than 270°C.
It is necessary to assume that the total swept area is reduced by 
half if the period of stirring is reduced from 30 to 15 minutes 
using a stirring rate of 32 rpm. Therefore the weight gain of the 
swept area after 15 minutes at 270°C,
= 21.11 x 10"3g (.... .7.8)
and the weight gain of the swept area obtained after 15 minutes 
at 295°C,
= 15.45 x 10“3g (.... 7.9)
From the effective surface area of the dross givent in Table 38, 
the weight gain after 15 minutes as a result of drossing at 270°C,
= 51.7 x (4.83 x lOf12 x 900)^
= 3.41 x 10"3g (..... 7.10)
The weight gain obtained after 15 minutes as a result of drossing at 295°C, 
= 216.0 x (2.59 x 10-12 x 900)^
= 10.43 x 10-3 g (.... 7.11)
Therefore the total calculated weight gain for stirred 60% tin- 
40% lead alloy obtained after 15 minutes using a stirring rate 
of 32 rpm at 270°C ,
= equat io n s  f7* 8)-+(7. 10)
= 24.52 x 10“3g (.... 7.12)
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and at 295°C the weight gain,
= equat,.icris(7* 9)4^7* 11)
= 25.8 x 1CT3 g (..... 7.13)
Similarly the weight gain of the swept area obtained after 45 minutes 
at 270°C,
= 63.33 x 10-3g (......7.14)
295°C the weight gain
= 46.35 x 10"3g (..... 7.15)
The weight gain after 45 minutes as a result of drossing at 
270°C is therefore,
420.1 x (4.83 x 10"12 x 2700)^  = 48.09 x 10~3g (..___7.16)
and the weight gain after 45 minutes as a result of drossing 
at 295°C,
= 702.0 x (2.59 x 10“12 x 2700)^  = 58.70 x 10_3g....... (.... 7.17)
Therefore the total calculated weight gain for stirred 60% tin- 
40% lead alloy after 45 minutes using a stirring rate of 32 rpm 
=+- 01C\°C
= equations^, 14W7.16)
= 111.42 x 10“3g (.... 7.18)
and the weight gain at 295°C 
= equat i oris(7. _1-^ K7.17)
= 105.07 x 10 g (..... 7.19)
It is shown therefore that although the oxidation rate of liquid 
60% tin - 40% lead alloy was found to be greater at 270°C and 295°C 
using an air pressure of 250 Pa the comparison of the equations 
1.2. and 7.3 shows that the calculated weight gain of the stirred 
alloy is greater at 295°C after 15 minutes. The comparison of 
equations (7. 18) and(7. 19) shows that this is not the case using a
period of 45 minutes.
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Despite the simplicity of the quantitative approach and the 
assumptions made therefore the calculated weight gains shown
d ernon s t ra't e / • that the effect of terperature cn weight ga^ n for 
the stirred alloy is determined by the additional surface area 
of the alloy exposed as a result of stirring.
The results of the present study are therefore compatible with 
the few previous data which show that different mechanisms control 
the oxidation rate of static and agitated malts (59)- (60)#
However in the previous studies the melts were agitated using a 
strean of oxidising gas and therefore it is not surprising that 
rate controlling mechanisms other than the drossing rate of the 
metal were determined. Such differences could have possibly been 
predicted as ; Diaz and R i c h a r d s o n  (57) have demonstrated that the 
rate controlling mechanisms for agitated melts are determined by 
the nature of the agitation used. The results of the present study 
therefore represent an extension to the existing knowledge of the 
oxidation and drossing of agitated melts.
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7.3 The Effects Of Oxide Growth On The Oxidation And Drossing 
Rates Of 60% Tin-40% Lead Alloy
7.3.1 General
In the previous subsection it was demonstrated quantitatively that 
the additional surface area exposed as a result of drossing determines 
the weight gain of stirred 60% tin-40% lead alloy with respect 
to temperature. It is important therefore in the present study to 
consider which factors have the greatest influence on the drossing 
rate of the alloy.
It was suggested in section 5.6.2 that drossing occurs as a result 
of the oxide folding in response to the skirrming action of the 
stirrer blade. Alloy is retained within the folds of oxide as a 
result of capillary action and further stirring action causes the 
particles of dross to become detached and pass to the edges of the 
crucible. It appears therefore that the physical properties of the 
oxide layer and the alloy may be very important with respect to 
the rate of drossing.
The literature however shows that there are no changes in the 
surface tension or viscosity of the alloy which could possibly 
account for the abrupt increase in. the weight of dross formed after 
30 minutes as shown in Figure 25^1^93) # jn this section the 
effect of changes in the thickness and nature of the oxide layer on 
the oxidation and drossing rates of liquid •SQ/tin-^ lead alley are discussed. 
Furthermore a mode of oxide growth and the effects of the growth on 
the oxidation rate of the alloy are discussed. In addition 
an oxidation mechanism for liquid 60% tin-40% lead alloy involving 
the diffusion of vacancies is suggested.
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7.3.2 The Effects Of The Nature And Thickness Of The Oxide Layer 
On The Drossing Rate Of Stirred 60% Tin-40% Lead Alloy
In the present study it has been shown that a fall in the weight gain 
of 60% tin-40% lead alloy between 270°C and 295°C obtained after 30 
minutes coincides with a steep rise in the weight of dross formed 
in the stirred bath (see Figures 24 and 25). Furthermore the 
maximum and minimum values of oxidation rate, were found to coincide 
approximately with the formation of the continuous oxide layer and 
an abrupt change in the morphology of the oxide respectively. It 
appears _ therefore that the observed fall in the oxidation rate 
of the alloy between 270°C and 295 °C may be the result of changes 
in the nature or thickness of the oxide layer.
In this subsection the relative effects of the nature and thickness 
of the oxide on the drossing rate of stirred 60% tin-40% lead alloy 
;:are discussed.
Analysis of the oxide formed on the alloy using atmospheric pressure 
indicates that the density of the layer does not alter significantly 
with temperature between 270° and 295°C (see subsection 5.6.4).
It may be assumed therefore from subsection “7. X3 that as the 
weight gain of stirred 60% tin-40% lead alloy falls with torperaJnre
betveei 270 and 295 the thickness of the oxide *
layer must also fall. It may be possible therefore to show from a 
comparison of Figures 24 and 25 whether oxide thickness determines the 
weight of dross formed as a result of stirring.
It is necessary however to make the assumption that the effect of 
temperature on the weight gain of static melts of 60% tin-40% lead 
alloy after 30 minutes using atmospheric pressure approximates to the 
plots obtained in Figure 45 using an air pressure of 250 Pa. It was 
felt that this assumption was justified on the basis that the sane 
assumption was used in subsection 7.2.3 to show how dross weight 
affects the weight gain of the stirred alloy.
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On the basis of this assumption therefore it can be seen in 
figure .45” that the weight gains of the static alloy after 30 
minutes using an air pressure of 250 Pa at 278°C and 310°C are 
approximately the same i.e 75.0 ± 3.0 x 10“ ^ g cm-2. Therefore 
assuming that the oxide is uniform and is Composed of 90 :wt%
§n0 and 10 wt% PbO then the thickness of the oxide is
o
approximately 9,500 A . However as a result of stirring for 30 
minutes the weights of dross produced are approximately
 o
1.38 ±_ 0.15 g cm at 3i0°c and 0.94 ± 0.15 g cm“2 at 278°C 
(see Figure 25).
It may be concluded therefore that the oxide thickness does not 
control the drossing rate of the stirred alloy. However, from the 
photomicrographs shown in Figures 5Z, and 53 it is evident that the 
morphology of the oxide layer formed on static melts of the alloy 
after 30 minutes is very different at temperatures of 2' °C and 
295°C. It .£eems likely, ' therefore,that at temperatures
between 21 °C and 295°C the drossing rate of the stirred alloy is 
determined by changes in the nature of the oxide layer.
In the pre<seding discussion it has been demonstrated that the 
•drossing rate controls the oxidation rate of stirred 60% tin-40% 
lead alloy and that the nature of the oxide layer determines’ the 
drossing rate. It is of interest therefore to discuss the likely mode 
of oxide growth of liquid 60% tin-40% lead alloy and the effects 
of changes which occur in the oxide on the oxidation rate of the 
alloy. These aspects of the results are discussed in the 
following subsections.
7.3.3 Nucleation And Initial Growth Of The Oxide
In subsection 6.2.2 a mode of oxide growth on liquid 60% tin-40%
lead alloy was described which appeared to be essentially the sane
as that described by Boggs et al(174) for the growth of SnO crystallites
on solid tin.
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In the previous work it was shown that the number of nucleation 
sites was independent of time, temperature and oxygen pressure 
but consistent with a number of etch pits on the surface of the 
tin i.e areas of high dislocation density. Such areas will 
undoubtedly have high energy relative to the surrounding surface 
of the tin. In the present work however the density of central 
growth points or nucleation sites evidently varies considerably 
with temperature and oxygen pressures. Assuming that nucleation 
commences at localised areas of relatively high energy therefore 
it is of interest to consider that the conditions which may give 
rise to high energy areas on the surface of liquid 60% tin-40% lead 
alloy.
Vernon ( )  (1^ 4) demonstrated the importance of air-borne
particles on the rate of oxide nucleation on solid metals. Other 
effects which may give rise to nucleation sites are vibration and 
the presence of inclusions e.g sulphides in the melt .. From the 
scanning electron photomicrographs shown in subsection 6.2.2 it 
is suggested that numerous nucleation sites are available at the 
onset of oxidation and the number of sites which are "activated" 
depends on the conditions of temperature and oxygen pressure.
This suggestion therefore is consistent with the observed increase 
in the number of growth centres with temperature and oxygen 
pressure. It is also interesting to note that these results were 
found to be consistent with those of Sleppy(195) reported that 
the size of ett^-Al^O^ crystallites formed on liquid aluminium 
was reduced with temperature .
In the previous chapter it was suggested that crystallite growth ^commences 
by the' radiating of spolces or arms from the nucleus of the 
crystallite across the surface of the liquid alloy and the subsequent 
infilling of the spaces between the spokes. This pattern of 
initial radial expansion is not unexpected and is indicative of preferential 
oxide growth into areas rich in oxygen. It also appears that 
lateral growth continues in any direction until mutual impingement 
of the crystallites occurs. Furthermore as the uncovered area 
between the advancing crystallites approaches zero then a change in
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the oxidation rate of the alloy may be expected. It is of interest 
therefore to consider the quantitative significance of this effect.
Evans ( )  has postulated the manner in which the area of metal 
or alloy surface diminishes with time t as a result of circles 
expanding with radial velocity V. The expected number of circles E 
which^  pass" over a point Q in tirns t can be calculated by 
considering the elementary contribution _ . d . E of an annulus of
situated at a radial distance r from Qand then intergrating for 
all values of r from zero to Vt Assuming that the number of 
the nuclei n in a given surface area is constant throughout lateral 
•growth,
d E= 2?5rr . dr n (..... 7.20)
and hence,
E =
Thus the f:
= C< = e 
Where k is
Therefore the change in the fraction of the surface area covered 
at time t, (1-o< ) with respect to time is sigmoidal i.e 1 -oc 
shows an increasing rate initially which diminishes as ©< approaches 
zero. Assuming that the circles thicken at a constant rate so that 
the oxidation rate (d W/dt) of the metal or alloy is proportional 
to the area covered therefore ,
dW/dt = K [1 “ exp(--kt2) (.... 7.23)
Where ihe. weight gain.
,Vt
2^n I rdr = j n  t2 ( ..... 7.21)
■ I
raction of surface remaining uncovered at time t ,
-E = e-7T n v2-t,2 = e-kt2 (.....7.22)
a constant: at constant tenperature .
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In accordance with this equation therefore the oxidation rate of 
the alloy or metal increases if t is small. Such behaviour has been 
reported fcr the oxidation of solid metals using low oxygen 
pressures( ^9)(189)(136-199) .
In order to apply equation 7.23 to the results of the present work it 
is therefore necessary to make two assumptions:
i) The expanding crystallities approximate to circles .
ii) The number of the nuclei n is constant throughout the 
period of the oxidation experiment.
In practice oxide platelets do not spresdout in circles and the crystallites 
shown in Figure 55 indicate that oxide growth on liquid 60% tin- 
40% lead alloy is not exceptional in this respect. However, Davies et 
al(29) showed that an initiaJ^ rincreasincj oxidation rate was the 
result of lateral non-circular growth of magnetite crystals on solid iron. 
These results indicate therefore that equation 7.23 is valid for non­
circular lateral spreading of oxide platelets on the surface of a metal 
or alloy. . *
On the basis of the photo micrographs shown in sub section 6.2.2 it. is . 
not possible to conclude whether the oxide nuclei form continuously 
with time. However Evans(-*-9°) has shown that if further nuclei appear 
after t = o;
V+-3
c< = e ^  (....7.24)
 ■<_ i 3
so that a plot of the fraction of the surface 1 - e against time
is also sigmoidal. Therefore the assumptions given in i) and ii) may be 
considered to be valid . in respect of the present work.
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It is evident from Figures that the number of nucleation sites
formed between 235°C and 255°C per unit area of surface and the rate 
of lateral growth which applies using atmospheric pressure are 
insufficient to conpletely cover the surface of the alloy after 30 
minutes. Therefore it may be expected from the above discussion that 
the oxidation rate of static melts of 60% tin-40% lead alloy will 
increase under the given conditions for periods up to 30 minutes.
However, kinetic data was not determined in the present work using 
static melts of 60% tin-40% lead alloy at temperatures below 270°C 
and consequently the assumptions cannot be verified. It is apparent 
that the incomplete coverage of crystallites at temperatures of 235°C 
and 245°C using atmospheric pressure presents an opportunity to test 
the validity of Evans?equation (7.24) with respect to a liquid alloy.
An investigation of the oxidation kinetics of static melts of 60% tin- : 
40% lead alloy at tenperatures up to 250°C may therefore be of theoretical 
interest.
It follows from the above discussion therefore that the weight gains 
of the alloy obtained at temperatures between 270°C and 315°C should 
show an increasing rate during the initial stages of oxidation. However 
the corresponding plots showing the square of the weight gain with time 
(see Figures 4 6-4 7) indicate that the parabolic rate law applies to the 
kinetic data for periods from 1 to 30 minutes. It is of interest 
therefore to re-examine the weight gain versus time curves obtained for 
liquid 60% tin-40% lead alloy an example of which was shown in Figure
16. The significance of the initial unexpected upward curve shown is 
now apparent and similar effects were obtained for the initial stages 
of oxide growth on all specimens of liquid 60% tin-40% lead alloy using 
air pressures of 250 Pa and 50 Pa. Unfortunately, under the conditions 
used in the present study the period over which the increasing rate 
applied was found to be too short to allow a meaningful quantitative 
interpretation to be carried out in order to test whether Evans?equation 
applies to the oxidation of liquid 60% tin-40% lead alloy. However it may be 
concluded that the initial oxidation kinetics of liquid 60% tin-40% lead alloy 
are consistent with a theoretical interpretation by Evans(190) which was - 
proposed for solid metals.
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7.3.4 Diffusion Through The Compact Oxide Layer
In the previous subsection it was assumed that the initial oxidation 
kinetics of static melts of 60% tin-40% lead alloy may be represented 
by a form of Evans?equation,
dW/dt = K[l-exp (-kfc^ )] (......7.25)
where x = 2 if the number of oxide nuclei per unit area of alloy 
surface is constant or x = 3 if the number of nuclei increases 
with time. Therefore the weight gain of the alloy may follow an 
increasing rate initially and then a diminishing rate as a compact 
oxide layer is formed. Previous data has shown that transitions between 
these stages do not appear as abrupt changes on the weight gain plot 
but are characterised by gradual merging of the different portions of 
the sigmoidal curved 196)^
In the present study it is evident from the photomicrograph shown in 
subsection 6 .2 .2  that a compact oxide layer forms on static melts of 
60% tin-40% lead alloy at temperatures between 255°C and 280°C using 
an air pressure of 250 Pa and above 255 °C using an air pressure of 
50 Pa. At the point when the oxide layer on the alloy provides total 
coverage i.e exp (-ktx) = 0 , it is evident that further oxide growth 
may only occur by thickening of the crystallites.  ^ /
In the present study it is apparent from the general conformity of the 
oxidation kinetics to the parabolic rate law that the thickening of the 
crystallites on liquid 60% tin-40% lead alloy is controlled by diffusion 
through the compact oxide layer. These results are therefore consistent 
with the results of previous investigations where a parabolic rate law 
was found to follow an increasing oxidation rate using solid iron and 
copper(29)(189)(198)^
The driving force for diffusion is provided by electrical and 
chemical potential gradients which exist across the oxide layer.
There is however an essential difference between the two gradients.
An electrical potential gradient acts by decreasing the energy for 
an ion to cross a potential barrier in one direction while increasing 
the energy required to cross the barrier in the opposite direction.
A chemical potential gradient imposed on an oxide layer in the absence 
of an electric field acts by increasing the number of ions available 
to move in one direction while reducing the number available to move 
in the opposite direction. However, in oxidation the driving force 
is the same whether an electrical or chemical potential gradient is 
imposed on the gradient layer.
The general equation representing the diffusion of ions or vacancies 
across the uniform oxide layer of thickness y may be obtained as 
follows. In this case it is assumed that the potential gradient is 
electrical in character. Therefore providing that the temperature 
and defective surface area of the oxide remain constant the rate of 
thickening (dy /  dt) will be proportional to the average rate of 
movement across the oxide layer. Furthermore dy yf dt falls as y 
increases since the potential gradient is proportional, to 1/y.
If Q is the activation energy required for an ion or vacancy to overcome 
the energy barrier then the chance of an ion possessing the minimum 
required energy ise PQ where k is Boltzmann's constant. In the 
presence of the gradient therefore the possibility of ion or vacancy 
movement in one direction will increase to e (_ Q +Ki/y) /  kT. Furthermore
the possibility of ion movement in the opposite direction will increase*
toe (“Q>-K1/y)/kT where is a constant. . ,
After a time t the effective movement will be proportional to K2(eZ~e z) 
where = e“Q / kT andz = Kj / ykT.
Therefore, -
dy/dt= Ko*S (1+3+jE2+ + z4 +. .) _
2 6 24
(1 -  z + z3- z 3 + z^ v
2 6 24 "  ( ..............7.
where is a constant.
At temperatures above 450°C the oxide layer formed on solid metals
o
normally becomes sufficiently thick i.e 10,000 A to justify neglect 
of terms involving and htghef powers. Therefore equation (7.26)becomes,
dy/dt = 2 K2K3Z = k4/y or
I y2=K4t -+ K5 where K4 and K5 are constants (..... 7.27)
which is a more general --form of the simple parabolic equation given 
by equation(2 .8). N
In the present study it may be seen in Figures 46- and 47 that the plots 
skewing of we^£jajv\ against time for liquid 60% tin-40%
lead alloy pass very close to t = 1 minute, which corresponds to the 
time from which measurements were taken. It may be assumed therefore 
that for the oxidation of static melts of the alloy K5 may be taken as 
negligible.
In subsection 7.3.2 the thickness of the oxide layer formed on liquid 
60% tin-40% lead alloy at 295°C after 30 minutes using an air pressure 
of 250 Pa was calculated to be.^»®^ A. From Figure 4^  it can be 
seen that this thickness represents a minimum and therefore it may be 
assumed that equation(7.27)applies to the oxidation kinetics of the static 
alloy under the conditions used in the present study.
It is of interest to consider the nature of the diffusion mechanism which 
applies to liquid 60% tin-40% lead alloy. From the results presented in 
subsections5.6.4 and 6 .2.2.3 it may be assumed that the oxide formed on 
the alloy is composed principally of SnO. The oxidation of tin in the 
alloy to form SnO may be described as follows.
Stannous oxide has been classified as a p-type semi-conductor i.e one which 
is deficient in metal with cation vacancies (^ 3). Hence the semi-conductor 
model and interface equilibrium equations may be represented as ^ cvn in 
Figure 95* In this model oxygen reacts with tin in the alloy at the 
air/alloy interface and removes 2 electrons from Sn^ + thus forming fcwo posi/tive, 
holes and dr\t CSttiOA. v/4cetnc^ » The Sn^ + may exchange places with the vacancy 
leaving a vacancy in its place and the process continues until the 
vacany reaches the alloy/oxide interface. Electrons may exchange
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Figure 95
Proposed Semi-conductor Model For The Formation Of SnO On 60% Tin-40%
Lead Alloy 
© □
Sn2+
02-
Sn'2+
+ ,2e = 0*'
o2-
Sn3+
Sn2+ O2
Air
Sn2+
□
Alloy
0
2-
02-
Sn2+
O2 Sn2+ O2 i02 = SnO +Q +2e
Sn2+ Sn t □  + 2® = nil
Sn + -|0o = SnO
Sv\ — S'o,2' 4- Z&
where □ , is a cation vacancy , 0  is a positive hole and nil represents
the stoichiometric oxide .
positions with positive holes in the sane manner. The vacancy may 
then be-annihilated t>y replacement with a tin at cm f ran the alloy.
It may be concluded that *' following lateral spreading of the 
crystallites and. thickening of the oxide layer formed on static melts 
of 60% tin-40% lead alloy conforms to an oxidation theory which was 
proposed for the'growth of thick oxide layers on solid metals.
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7,3,5 The Influence Of The Nature Of The Oxide On The Oxidation 
And Drossing Rates Of Liquid 60% Tin-40% Lead Alloy
7.3.5.1 General
It has been demonstrated in the preceeding discussion that the adckticn 
and . drossing rates of liquid 60% tin-40% lead alloy are strongly 
influenced by changes in the nature of the oxide layer. Furthermore 
a conparison of figures 45* and 82 indicates that the effect of 
temperature on the oxidation rate of the alloy obtained using an 
air pressure of 250 Pa is determined by the oxidation characteristics 
of lead. It is of interest therefore to discuss the oxidation of lead 
and the possible effects of lead oxide on the oxidation and drossing 
rates of liquid 60% tin-40% lead alloy.
7.3.5.2 The Effect Of A Crystallographic Change in PbO On The 
Oxidation Rate Of Lead
The analytical results given in Table 36 show that p - PbO was not 
detected in the oxide layer formed on solid lead at tenperatures of 
280°C and 295°C using an air pressure of 250 Pa. Conparison of these 
results with the effect of temperature on the oxidation rate of solid 
lead determined using the same experimental conditions (see Figure 45) 
shows that the absence of — PbO in the oxide layer is consistent with 
a .de.crease in the oxidation rate of the metal. This effect was 
evident from the results of the previous study using a liquid lead^ -^ ®) 
but no explanation was given.
It is interesting to note from the results 9? subsequent investigations
that rate controlling mechanisms involving the diffusion of 03- via
interstitial positions in c*- - PbO^3-^3*) and via a vacancy mechanism in
A - Pbo(163) were suggested. Anion diffusion via interstitial 
r (63)
positions is however normally assumed to be energetically unfavourable 
and hence the observed change in the oxidation rate of lead with a 
change in the crystallographic structure of PbO may be accounted for.
It is surprising therefore to learn that the corresponding values of 
the activation .energy for 03- diffusion in (X- PbO and J$ — PbO are 
similar i.e 25. K cal mole-3- and 22 K cal mole 1 respectively^  161) (149)
which indicates that anion diffusion ihpoPbO via interstital positions 
may also proceed readily.
Another possible explanation for the observed effects of p -PbO on the 
oxidation rate of lead concerns the volume change associated with the 
- pbO to p,— PbO transformation. A comparison of the molar volumes 
of oL — PbO and p- PbO show that a volume expansion of approximately
3.C% occurs when one mole of p - PbO is converted to©< - PbO^*^. It 
may be expected that such a change would increase the level of stress 
in the oxide layer providing that the surface of the metal is constrained 
i.e in the solid state. The literature shows that stress may occur in 
the oxide layers foimed on solid metals as a result of many factors i.e 
the considerable differences in the molar volumes of metals and oxides, 
the injection of vacancies into the metal etc. Evidence of a change in 
the level of stress in PbO is indicated in the present work by the 
re-crystallised oxide layer foimed on lead at 295°C using an air 
pressure of 250 Pa which is shown in Figure 87.
It may be noted that the implied link between the crystallographic change 
in PbO and the oxidation rate of solid lead does not appear to be 
consistent with the results obtained using an air pressure of 50 Pa. Thus 
the analytical results shown in Table 36 suggest that a change in the 
oxidation rate of lead may occur with tenperature between 280°C and 295°C 
although Figure 82 shows that this is not the case. However, it is also 
interesting to note that the oxide layer formed on solid lead using an 
air pressure of 50 Pa does not appear to have recrystallised after 30 
minutes at 295°C (see Figure 91) which indicates therefore that the level 
of stress in the oxide layer falls with air pressure. If this were so 
two effects may be expected i.e.
i) The absence of a fall in the oxidation rate of lead 
with temperature using an air pressure of 50 Pa.
ii) A dependence of the oxidation rate of lead on air 
pressure.
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As Figure 85 shows the results obtained in the present study are 
consistent with the effects described in i) and ii) . It is 
interesting to note from the literature therefore that an inverse 
dependence of the oxidation rate of lead on oxygen pressure was 
attributed to the piezo - electric ' effect iri strained P b O  (170) #
It may be concluded from the above discussion that the small 
reduction in the oxidation rate of solid lead with temperature 
between 270°c and 295°C obtained using an air pressure of 250 Pa is 
consistert with changes in the crystallographic structure of PbO. 
Furthermore it is suggested' ' that the effects of these changes 
are related to volume changes within the oxide layer which modify 
the level of stress therein.
The presence of $ — PbO in the oxide layer formed on solid lead
requires further comment as the literature shows that tetragonal
i.e c>4 — PbO is the stable modification at temperatures up to
486°c(150“-U5()) # However the presence of & — Pbo has been
*
detected on the surface of solid lead exposed to oxygen at low 
pressures(162-164). Therefore Eldridge^ 170) suggested that the 
p> - PbO becomes stable as a result of the influence of 
epitaxial forces which occur in the oxide layer.
In view of the above discussion regarding possible changes in the 
levels of stress in the oxide layer therefore it appears that the 
results of the present study are consistent with Eldridge's 
hypothesis. It is also interesting to note that trie transformation of 
/3-PbO too^ -PbO requires very little energy as shown by the-small 
brithalpy change i.e 57 cal mole  ^ (1^1\
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7.3.5.3 The Effects Of PbO Formation On The Oxidation And Drossing 
Rates Of 60% Tin-40% Lead Alloy.
The formation of lead oxide in the oxide layer stripped from a 
specimen of 60% tin-40% lead alloy was indicated by the presence 
of small lead peaks in the X-ray spectrum shown in Figure 61. 
Furthermore drosses formed as a result of stirring 60% tin-40% 
lead alloy were found to contain up to 10% by weight of PbO as 
shown in Table 28. Therefore from a comparison of the effects 
of temperature on the weight gains of solid lead and the liquid alloy 
obtained after 30 minutes (see Figures 45 and ,82) it appears that 
the PbO foimed on the alloy undergoes the same changes with 
temperature described in sub-section 7.3.5.2.
The dependence of oxidation rate on the level of stress in an 
oxide layer however has been suggested only in connection with 
solid metals and alloys. It ^ rhciy be assumed therefore that an 
unconstrained, liquid surface will accommodate any stress which 
may occur in the oxide layer. Therefore it is apparent that the 
effects of lead oxide on the oxidation rate of liquid 60% tin- 
40% lead alloy are more conplex than the explanation proposed in 
the previous subsection regarding the oxidation of lead. A detailed 
analysis of these effects is outside the scope of the present 
thesis but may be of sufficient interest to warrant further study 
elsewhere.
The literature shows that the preferential formation of SnO in purely 
thermodynamic terms was used to account for the absence of PbO on 
liquid. Sn- pb allo^66)(72). jt j_s necessary therefore to consider 
the possible mechanism by which PbO may form on the surface of 
liquid 60% tin-40% lead alloy.
In an alloy it is possible that depletion of one conponent at the 
surface may account for the oxidation of another metal in the alloy.
2 IX
It has been shown that PbO forms on solid tin-lead alloys only 
if the diffusion rate of tin in the alloy is less than the rate 
of oxidation of tin under the same c o n d i t i o n s  (-^ 1) (2C0). This 
effect may be analagous to that obtained when additions are 
made to stirred 60% tin-40% lead alloy. Thus the effects of 
elements which have a higher affinity for oxygen than either tin 
or lead on the weight^gain of the alloy after 30 minutes were small, 
it was suggested, as a result of the depletion of the element in 
the alloy after a few minutes (see section 5.4).
The literature however indicates that the diffusion rate of tin in 
liquid 60% tin-40% lead alloy is unlikely to be less than the 
oxidation rate of the metal^ 01 # Therefore depletion of tin
at the surface of stirred 60% tin-40% lead alloy may be even less 
likely providing that the availability of tin atoms is sufficient.
This assumption implies a posslUo change in the PbO/SnO ratio for
tin-lead alloys containing a low proportion of tin. It is of interest
therefore to recall from the results present in Chapter 5 that a
minimum in the weight gain of stirred tin-lead alloy melts obtained
after 30 minutes was determined using 10% tin-90% lead alloys
as shown in Figure 31. Furthermore this effect was found to
coincide, with a-reduction in the SnO/PbO ratio. compared to 60%rtin:~-
40% lead alloy as shown in Table 28. it seems possible therefore
that the minimum in the weight gain of tin-lead alloys with
composition is the result of a minimum in the availability of the principal
oxide forming metal at the surface of the alloy. Furthermore in
view of the effects of PbO on the nature of the SnO layer it seems
logical to assume that a change in the SnO/PbO ratio would affect
the oxidation rate of the tin-lead alloy. Therefore the variation
in the SnO/PbO ratio with the composition of the stirred alloy may
provide an explanation for the absence of a fall in the oxidation
rate with temperature of tin-lead alloys other than 60% tin-40% lead
alloy.
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The literature also shows that PbO was present in the oxide layer 
formed on 50% tin-50% lead alloy at temperatures above 575 °C but 
this effect was not explained(175)  ^ However the observed linear 
rate law was attributed to continuous cracking of the oxide layer 
and direct contact between the alloy surface and oxygen penetrating 
via the cracks. A cross section of the oxide layer showed the 
presence of the second phase identified as PbO at the alloy/oxide 
interface extendir^  upwards into a continuous Sn02Phase. This mode 
of growth suggests therefore that the PbO was formed as a result 
of oxygen penetration to the alloy surface.
In the present study direct contact between oxygen and the alloy 
surface occurs regularly using stirred melts as a result of the 
skinrning action of the stirrer blade. With static melts it seems 
possible that oxygen may penetrate to the surface of the
60% tin-40% lead alloy via the interstices " between the 
crystallites prior to the formation of the continuous oxide layer. 
It is suggested . that • with tin-rich alloys PbO is formed in 
the oxide layer as a result of direct contact between the surface 
of the alloy and oxygen.
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As a result of this discussion it is proposed that the changes 
in the morphology of the oxide layer formed on liquid 60% tin- 
40% lead alloy account . for the observed effects of temperature 
and air pressure on the oxidation rate of the alloy. Furthermore 
it appears that the changes in the cyrstallographic structure 
of the PbO modify the predominantly SnO layer and. fi>re responsible for : 
the observed effects of temperature and pressure. Thus it has been 
shown that a ftil in the oxidation rate of the alloy with temperature 
between 270°C and 2950C/i^ kreIated to the absence of ~ PbO in the 
oxide layer.
It is also evident that changes in the oxide layer described above 
strongly influence the drossing rate of stirred 60% tin-40% lead 
alloy as the fall in the oxidation rate of the alloy with temperature 
coincides with a steep rise in dross weight. Therefore the 
described changes in the oxide layer must modify the resistance of the 
oxide layer to fragmentation or the interfacial tension at the 
alloy/oxide interface. However the precise effects of PbO on the 
oxidation and drossing rate of the alloy are unclear from the 
results of the present work. Furthermore it is evident that our 
understanding of the mechanisms involved in oxidation and drossing 
may be improved as the result of further study regarding several 
aspects of this work. The suggestions for further work are given 
on page
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CONCLUSIONS
1. The oxidation rate of stirred 60% tin-40% lead alloy is 
controlled by the increase in the surface area of the alloy as 
a result of drossing. Therefore the theories proposed to account 
for the oxidation kinetics of solid metals and adapted for 
application to static melts do not necessarilyapply kt> drCrreci melts.
2. It is proposed that changes in the nature of the oxide layer 
account for the observed effects of temperature and air pressure 
on the oxidation and drossing rates of liquid 60% tin-40% lead 
alloy. The oxide layer formed on liquid alloy consists predominantly 
of SnO with a small amount of PbO. The observed changes in the 
nature of the oxide layer are probably the result of changes in the 
cry st alio graphic structure of PbO.
3. The oxidation rate of static melts of 60% tin-40% lead alloy 
obeys the parabolic . law at tenperatures between 255 °C and 315°C 
It is proposed that diffusion of tin ions through the oxide layer 
via a vacancy mechanism controls the oxidation rate of" the static 
alloy.
4. The weight gain of the stirred alloy shows . an unusual
increasing rate rfcr periods of time up to 1 hour at tenperatures
between 200°C and 408°C which may be expressed by the
, 2 ^equation , g = l%t + C.
5. The initial stages of oxide growth on liquid 60% tin-40% 
lead alloy tare consistent with a * theoretical interpret at ion 
by Evan! ^wn^ ch rwas • proposed in connection with solid metaJSL 
For short times the oxidation rate of the static alloy shows an 
increasing rate.
6 . The oxide layer formed on static melts of the alloy at 
tenperatures up to 280°C consists of crystallites which are 
probably composed of SnO. Initial growth of the crystallites 
is predominantly lateral until mutual impingement occurs. The 
observed pattern of crystallite growth is similar to that
described by Boggs et al (174) for SnO crystallite growth on solid 
tin.
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7. At tenperatures below 255 °C crystallite growth under 
atmospheric pressure is such that a continuous oxide layer is 
not formed after 30 minutes.
8 . The size of the crystallite falls with increases in 
temperature up to 280°C and increases in air pressure. At 295 °C 
the nature of the oxide layer formed on liquid 60% tin-40% lead 
alloy changes from crystallites to tiny platelets using atmospheric 
pressure and an air pressure of 250 Pa. This effect is related to 
a minimum in the oxidation rate of the alloy.
9. A mechanism of drossing has been proposed for stirred tin- -lead 
alloys which involves the folding of the oxide layer as a result
of the sldmriing action of the stirrer blade and the retention of 
the liquid alloy between the folds of the oxide.
10. A fall in the oxidation rate of liquid 60% tin-40% lead alloy 
with temperature between 270°C and 295°C was discovered. This 
effect coincides with an abrupt increase in the weight of dross 
formed.
11. The increase in the surface area of the alloy as a result of 
drossing determines the effect of tenperature on the weight gain 
of the alloy obtained in a given time.
12. The fall in the weight gain of the stirred alloy with a 
temperature between 270°C and 295°C obtained after 30 minutes is 
not significantly altered by additions of Up to O 2 o^f copper, 
cadmium, aluminium, zinc, silver antimony and 0 .0 0 1% of 
phosphorus. In cases where the element has a higher affinity 
for oxygen and tin or lead this effect is probably due to the 
oxidation of the bulk of the addition during the initial stages 
of stirring.
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13. An addition of 0.01% of phosphorus to
60% tin-40% lead alloy reduces the weight gain of the alloy 
obtained after 30 minutes by 50% at tenperatures between 
230°C and 332°C.
14. The thickness of the oxide layer formed on the liquid alloy 
after 30 minutes using an air pressure of 250 Pa at tenperatures 
between 270°C and 315°C is greater than approximately9,500- a .
15. A minimum in the weight gain of stirred tin-lead alloys occurs 
after 30 minutes using an alloy containing approximately 10% of 
tin.
16. A linear dependence of weight gain and the weight of dross 
formed using 60% tin-40% lead alloy on the stirring weight was 
determined at tenperatures between 200°C and 408 °C.
17. The dross formed at tenperatures below 370°C contains " up 
to 3.9% by weight of oxide. The SnO/PbO ratio varies according 
to the composition of the alloy.
C H A P T E R  9
SUQffiSTIQNS FOR FURfflER WORK
Suggestions For Further Work
1. In the present study it has been shown that the nature of 
the oxide layer has the most influence on the drossing rate of 
stirred 60% tin-40% lead alloy. Furthermore it is apparent that 
the oxidation and drossing rates of the alloy are inversely related 
with respect to temperature between 270°C and 295°C. Therefore 
efforts to achieve a reduction in the drossing rate of solder should 
be directed towards determining a means of changing the nature
of the oxide layer.
2. It is recommended that further work should be carried out to 
establish the effects of PbO on the growth rate of the oxide layer 
formed on liquid 60% tin-40% lead alloy. In particular the 
significance of ft - PbO formation in the oxide layer should be 
investigated.
3. The addition of 0.01% of phosphorus shows an interesting 
effect on the weight gain of stirred 60% tin-40% lead alloy obtained 
after 30 minutes i.e the oxidation rate of the alloy is evidently 
reduced although the fall in weight gain with temperature is maintained. 
It is suggested therefore that examination and analysis of the oxide 
layer formed on the alloy containing 0 .0 1% of phosphorus should be 
carried out in order to obtain more information concerning the 
mechanism of oxidation which applies to the alloy.
4. It may be of interest to show whether the change of slope 
(weight gain)^  versus time plots obtained for tiVv atfc
bcwfeatures Ixtfuieei/i 2&0°C and 310°C using an air pressure of 250 Pa 
is the result of an overgrowth of Sn02 on SnO.
5. The results of the present study have shown that at temperatures 
below 255 °C the coverage of the alloy surface by oxide crystallites 
is not complete after 30 minutes using atmospheric pressure. It may 
be of interest to determine the oxidation rate law which represents
lateral growth of the oxide crystallites. Furthermore 
the use of iow’ oxygen pressures may enable a quantitative
22/
interpretation to be carried out of the initial stages of oxide 
growth on the alloy at tenperatures above 255 °C.
6 . In the present study only one tin-lead alloy i.e 60% tin- 
40% lead alloy, was investigated in the range of conposition on 
30% tin to 70% tin. It would be of interest therefore to carry out 
further studies using tin-lead alloys containing 50%, 55% etc. of 
tin in order to establish the limits of conposition over which the 
fall in the oxidation rate of tin-lead alloys occurs with tenperature.
7. It is recommended that an attenpt is made to correlate the 
result of the present study with the drossing rates obtained in a 
wave soldering machine. It may be possible to separate the various 
types of dross produced in order to make a realistic conparison with 
the results of the present study.
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Table 18
The Weight Gain Of 60% Tin-40% Lead Alloy With Time And Temperature 
Using A Stirring Rate Of 32 r.p.m
Temperature C° Mean Weight Gain x 10~^ q.cm~^  After Time, Mins
15 30 45 60
200 0.3183 0.6897 1.1672 2.2814
220 0.3265 1.2733 1.6977 ' 2.7751
237 0.5306 1.5916 2.6528 3.9261
. 253 0.5877 1.8825 2.9383 4.4076
270 0.7640 2.1392 3.7139 5.6770
278 0.6856 2.0522 3.5260 5.4870
286 0.8489 2.0161 3.4486 5.3056
295 0.9338 1.9100 3.0834 4.7750
310 0.9799 2.3769 3.7546 5.6482
332 1.2733 2.7589 5.4117 8.9134
370 1.3059 3.7776 6.6930 11.2638
408 1.6978 4.4037 8.5951 14.9618
Table 19
The Weight Of Dross Obtained From 60% Tin-40% Lead Alloy With Time 
Using A Stirring Rate of 32 r.p.m At Tenperatures Of 270°C and 295°C
Temperature °C Mean Weight Of Dross g. cm~  ^ After Tim* Mins
15 30 45
270 0.1784 0.7216 1.4497
295 0.6791 1.2988 2.2071
Table 20
The Variation In The Reaction Rate Constant 1C And The Correction 
Factor C With Temperature
Temperature °C Temperature °K f^xlQ -^Qg cm ^ sec ? C x 10 ^ g cm ^
200 473 1.4856 0.1783
237 510 2.3600 0.7810
270 543 3.3786 1.1121
286 559 3.1834 O.0102
295 568 3.0221 0.8829
332 605 6.1120 0.7725
408 681 10.6961 0.7640
Table 21
The Weight Of Dross Obtained From 60% Tin-40% Lead Alloy With Temperature 
After Periods of 15 And 30 Minutes Using A Stirring Rate Of 32 r.p.m
Temperature C° Mean Weight Of Dross g cm~  ^After Tine, Mins
30 15
237 0.5942 0.1061
253 0.6306 0.1486
270 0.7216 0.1784
278 1.0187 0.3608
283 1.1884 0.4669
295 1.2988 0.6791
310 1.4007 0.6367
332 1.4516 0.7131
Table 22
The Weight Gain Of Tin And Tin-Lead Alloys Obtained After 30 Minutes 
With Temperature Using A Stirring Rate of 32 r.p.m
-3 -2Temperature C° Mean Weight Gain x 10 g. cm—  For
Tin 80% Sn-30% Pb 70% Sn-30% Pb 30% Sn-70% Pb
237 1.2309 1.4431 0.8065
270 1.5705 1.9525 1.4431 2.0034
286 1.9100 2.0798 1.6978 2.0460
295 2.0798 2.1647 1.8862 1.9746
310 2.2914 2.6316 2.1222 2.1306
332 2.7589 3.3531 2.8862 2.0882
370 3.8370 4.3718 3.8200 2.1307
408 4.4991 5.1782 5.3480 2.7504
Table 23
The Weight Gain Of Lead And Tin-Lead Alloys Obtained After 30 Minutes
With Temperature Using A Stirring Rate of 32 r.p.m
Temperature °C Mean Weight Gain x leP q cm ^  For
20%Sn-80%Pb 10%Sn-90%Pb 5%Sn-95%Pb 2%Sn-98%Pb
332 1.7317 1.4412 1.5129 2..1074
350 1.6978 1.2714 1.5867 2.1224
370 1.7827 1.5025 1.6639 2.1406
390 2.0968 1.7997 1.8031 2.1797
408 2.4278 2.0543 2.2106 4.4992
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Table 25
The Variation In The Zinc Content Of 60% Tin-40% Lead Alloy With 
Time At 3Q0°C Using A Stirring Rate of 32 r.p.m
Time, Mins 0 5 1 0 ( 5  2P 25 30
Mean Zinc Content o.006 0.001 0.0004- 0.0004* 0.0004- 0.0002. 0.0002
Weight%
Table 26
The Weight Gain Of 60% Tin-4o% Lead Alloy With Stirring Rate And 
Temperature Using A Period Of 30 Minutes
-3 -2Temperature °C Mean Weight Gain x 10 g .dm At Stirring Rate r*p.m
20 32 58 88
200 0.5133 0.6897 1.2733 1.6664
237 0.8973 1.5916 2.6278 3.3967
295 1.5382 1.9100 3.5251 5.4478
408 3.7172 4.4037 8.3319 12.6903
Table 27
The Weight Of Dross Obtained From 60% Tin-40% Lead Alloy With 
Stirring Rate At 270°C And 295 °C Using A Period of 30 Minutes
Temperature °C Mean Weight Of Dross g an~^  At Stirring Rate r.p.m
20 32 58
270 0.4499 0.7216 1.1036
295 0.9765 1.2988 2.3705
Table 28
Analysis Of The Drosses Formed Using A Period of 30 Minutes And A Stirring 
Rate Of 32 r.p.m
Alloy Conposition 
Weight%
Temperature °C SnO PbO
Weight% Weight%
60% Tin-40% Lead 408 2.2 0.27
370 3.6 0.27
278 3.5 0.35
10% Tin-9o| Lead 408
332
0.4
0.2
1.75
2.85
>Table 29
The Weight Gain Of Liquid 60% Tin-40% Lead Alloy With Time Using Air 
Pressures of 250 Pa And 50 Pa
Temperature Air Pressure Mean Weight Gain x 10~ 6 g cm~^  After Time, mins
°C Pa 5 10 15 20 25 30
270 250 28.0 52.0 63.0 79.0 81.0 ; 92.0
280 250 26.0 39.0 52.5 59.5 64.5 68.0
295 250 2£.0 41.0 47.5 56.0 58.5 64.0
315 250 26.5 51.5 65.0 71.0 75.0 78.0
255 50 15.0 30.0 34.5 45.0 49:0 53.0
280 50 19.5 34.5 43.5 59.5 62.0 71.5
295 50 35.0 51.0 68.0 77.5 90.0 ‘ 96.0
315 50 39.5 58.0 81.0 95.0 111.5 119.0
Table 30
The Weight Gain Of O.Q5g of 60% Tin-40% Lead Alloy Dross With Time At 
Tenperatures of 270°C and 295°C Using An Air Pressure of 250 Pa
Temperature Mean feLght Gain x 1 0"  ^g After Time, mins
°C 5 10 15 20 25 30
270 26.0 52.0 59.0 75.0 79.0 89.0
295 21.0 40.0 46.0 53.0 54.0 59.0
Table 31
The variation In Kp With Temperature For Liquid 60% Tin-40% Lead Alloy 
Using Air Pressures of 250 Pa and 50 Pa
Temperature Air Pressure Kp x 10 ^  cm ^  sec ^
°C Pa
270 250 4.83
280 250 2.87
295 250 2.59
315 250
255 50 1.65
280 50 2.92
295 50 5.31
315 50 7.59
Table 32
The Weight Gain Of Liquid Tin With Time Using Air Pressures of 
250 Pa and 50 Pa
Temperature Air Pressure Mean Weight Gain x 10"  ^q cm~^  After Time, Mins 
C°_  Pa 5 10 15 20 25 30
260 250 17.0 28.0 32.0 35.5 37.0 41.0
275 250 22.0 29.0 32.0 36.0 39.0 41.0
295 250 28.0 46.0 50.0 51.0 51.0 51.0
310 250 34.0 51.0 51.0 54.5 54.0 58.5
265 50 12.5 36.0 44.5 56.5 61.0 70.0
285 50 24.0 49.5 54.5 67.5 6 8 .0  79.5
300 50 20.5 41.0 53.5 73.0 78.5 90.5
325 50 28.0 51.0 71.0 83.0 98.0 106.0
Table 33
The Variation In Kp With Temperature For Liquid Tin Using Air 
Pressures of 250 Pa and 50 Pa
Temperature Air Pressure Kp x 10~^ g^  cmT^  ;
°C Pa
260 250 1.10
275 250 1.48
295 250 3.43
310 250 4.07
265 50 2.55
285 50 3.45
300 50 4.25
325 50 6.09
Table 34
The Weight Gain- Of Solid Lead With Time Using Air Pressures 
of 250 Pa and 50 Pa
Temperature Air Pressure Mean Weight Gain x 10  ^g cm ^  After Time .Mins 
JO Pa 5 1 0  15 20 25 30
255 250 13.0 21.0 25.0 28.0 30.0 33.0
270 250 17.5 25.0 30.0 31.5 34.0 36.0
280 250 13.5 20.0 24.0 27.0 30.0 32.0
295 250 11.5 18.0 20.0 24.5 26.5 30.0
315 250 17.0 24.5 29.0 32.0 35.0 39.0
255 50 11.0 21.0 29.0 35.0 37.5 42.0
280 50 19.0 32.0 41.0 49.5 53.0 58.0
295 50 22.0 38.0 50.0 61.5 66.0 79.0
315 50 31.5 45.5 61.5 72.5 81.0 93.5
Table 35
The Variation In Kp With Temperature For Solid Lead Using Air 
Pressures Of 250 Pa And 50 Pa
Temperature Air Pressure Kp x 10 g^  cm~^  sec~-^ -
°C Pa
255 250 0.63
270 250 0.88
280 250 0.63
295 250 0.51
315 250 0.88
255 50 0.86
280 50 1.95
295 50 3.22
315 50 4.60
Table 36
Analysis Of The Oxide Layers Formed After 30 Minutes On Solid Lead 
Using Atmospheric Pressure And Air Pressures Of 250 Pa And 50 Pa
Air Pressure Oxides Detected At Temperature °C
Pa 255 270 280 295 315
50 c< -PbO ex. -PbO c< -PbO cx -PbO -f cX -PbO +
£ —PbO f> -PbO
250 -PbO-h X  -PbO -b c< -PbO -PbO -PbO +
P -PbO p -PbO p -PbO
Atanospheric -pbo-t -PbO+ pt-PbO rX-PbO
(Hot stage)
jt> -PbO p> -PbO
Atmospheric X-PbO+- <?C- PbO-t ^C-PbO ^-PbO
(After cooling)
-PbO ft -PbO
Table 37
The Effective Surface Area Of 60% Tin-40% Lead Alloy Exposed With Time 
Using A Stirring Rate of 32 r.p.m
Temperature Mean Surface Area Exposed cm^  After Time, Mins
°_C 15 30 45
270 142.86 273.91 381.58
295 229.17 351.56 448.03
Table 38
The Effective Surface Area Of The Dross Obtained Using 60% Tin- 
40% Lead Alloy With Time Using A Stirring Rate Of 32 r.p.m
Temperature Mean Effective Surface Area Exposed cm^ After Time, Mins
JC 15 30 H
270 51.70 209.11 434.60
295 216.00 413.09 420.10
II R E F E R E  N C E S
1. D. Stockdale J. Inst. Metals, 49 p 267 (1932)
2. H.J.T. Eilinghan J. Soc Chem Ind 63 p!25 (1944)
3. F.D. Richardson and J.H.E. Jeffes, J. Iron and Steel Inst. 160 3 
p261 (1948)
4. F.D. Richardson and J.H.E. Jeffes, Disc Farad Soc, £ p281 (1948)
5. C.W. Dannatt and H.J.T. Ellingham, Disc. Farad Soc, £ pl26 (1948)
6 . N.F. Mott, Trans. Faraday Soc, 35 pll75 (1939)
7. N.F. Mott, Trans. Faraday Soc, 36 p472 (1940)
8 . N.F. Mott, Trans. Faraday Soc, 43 p429 (1947)
9. N. Cabrera and N.F. Mott, Rept. Progr. Phys, 12 pl63 (1948-1949)
10. N.B. Pilling and R.E. Bedworth, J. Inst. Metals, 29 p529 (1923)
11. P.D. Dankov and P.V. Churaev, Dokl. Akad. Nauk SSR, 73 p!221 (1950)
12. D.A. Vermilyea, Acta Met, p492 (1957)
13. P. Kofstad, High Tenperature Oxidation of Metals, J. Wiley (1966)
14. C. Wagner, Z. Phys. Chem. 2IB p25 (1933)
15. G. Tarrmann, Ztsch. Anorg. Allgem, Chem, 111 p78 (1920)
16. W.J. Moore and B. Selikson, J. Chem, Phys., 19 p 1539 (1951);
2op927 (1952)
17. R.E. Carter and F.D. Richardson, Trans AIME, 2o3 p336 (1955)
18. L. Hiimiel, R.F. Mehl and C.E. Birchenall, J. Metals, _5 p827 (1953)
19. K. Hauffe, The Oxidation of Metals, Plenum (1965)
20. T.P. Hoar and L.E. Price,Trans Farad Soc 34 p867 (1938)
21. K. Hauffe, Progr. Met. Phys., £ p71 (1953)
22. H. Pfeiffer and K. Hauffe, Z. Metallk, 43 p364 (1952)
23. R.K. Hart, Proc. Roy.Soc A236 p68 (1956)
24. P.K. Krishnamoorthy and S.C. Sircar, Qxid. Metall, 2 p349 (1970)
25. H.J. Engell., K. Hauffe and B. Ilschner, Z. Electrochem, 58 p478 (1954)
26. G.D. Halsey, J. Phys. Colloid Chem, 55 p21 (1951)
27. H.J. Engell and K. Hauffe Z. Electrochem 57 p762 (1953)
28. P.T. Landsberg, J.Chem. Phys., 23 pl079 (1955)
29. D.E. Davies, U.R. Evans and J.N. Agar, Proc.Roy.Soc, A225 p443 (1954)
30. K. Hauffe and B. Ilschner, Z. Electrochem, 58 p382 (1954)
31. T.B. Grimley and B.M.W. Trapnell, Proc. Roy.Soc, A234 p405 (1956)
32. U.R. Evans, The Corrosion Of Metals And Alloys, E. Arnold (1960)
33. M.A.H. Lanyon and B.M.W. Trapnell, Proc.Roy.Soc A227 p387 (1955)
34. D.D. Eley and P.R. Wilkinson, Proc.Roy.Soc. A254 p327 (1960)
35. C.J. Dell'Oca and L. Young, Appl.Phys.Lett 13 p228 (1969)
14 p332 (1969)
36. H.H. Uhlig, Acta Met., 4 p541 (1956)
37. A.T. Fromhold, Nature 200 p!309 (1963)
38. A.T. Eromhold,J. Chem Phys. 38 p282 (1963)
39. A.T. Fromhold, Phys. Chem Solics 24 p!08 (1963)
40. P. Kofstad, J. Inst .Metals, 91 p204 (1962-1963)
41. A.T. Fromhold and E.L. Cook, J.Phys.Chem, 44 p 4564 (1966)
42. I.M. Ritchie and G.K. Hunt, Surf.Sci, 15 p524 (1969)
43. I.M. Ritchie, G.H. Scott and P.J. Fensham, Surf.Sci 19 p230 (1970)
44. I.M. Ritchie and I.K. Tandon, Surf.Sci., 22 pl99 (1970)
45. F.P. Fehlner and N.F. Mott, Qxid. Metals, 2 p59 (1970)
46. E.A. Gulbransen, Trans. Electrochem Soc., 81 p327 (1942);
82 p375 (1942)
47. J.H. Bilbrey, D.A. Wilson and M.J. Spendlove, U.S. Bureau Mines 
Rept. Invest. No 5181 (1955)
48. P. Spine.di, Grazz. Chem. Ital, 86 1-5 p561 (1956)
49. K. Kur ski, Rudy Met ale Niezelazne 11 p508 (1962)
50. H. Hartmann, W. Hofmann and W. Stahl, Z. Metallk, 44 p!23 (1953)
51. J. Gerlach and G. Hermann, Z. Erz. Metall, 15 pl32 (1962)
52. T. Drews and J. Gerlach, Metall 17 p804 (1963)
53. J. Gerlach and E.A. Muller, Metall, 18 p807 (1964)
54. J. Barthel, Freib. Forsch H, B 29 p5 (1958)
55. H. Boesche, Z. Erz Metall, 5^ p217 (1952)
56. U. Heubner and A. Uberschaer, Z. Metallk, 70 pl27 (1979)
57. C.M. Diaz and F.D. Richardson,Trans Inst Min Metall 76. C196 (1967)
58. C.F. Acton and G. R. Belt ony Metall. Trans B 7B p693 (1976)
59. A. Guppy, A.J. Wickens and D.J. Fray, Trans Inst Min Metall 81 C236 
(1972)
60. E. Gebhardt Z. Metallk k p87 (1946)
61. W. Lange Z. Metallk 30 p 274 (1938)
62. J.O. Cope, Trans. Farad. Soc, 57 p493 (1961)
63. 0. Kubaschewski and B.E. Hopkins, Oxidation Of Metals And Alloys 
Butterworth (1967)
64. W. Hofmann and K.H. Mahlich', Werks Korros, 2 p55 (1951)
65. T.F. Archbald and R.E. Grace, Trans AIME, 212 p658 (1958)
6 6. R. Kurz and E. Kleiner, J. Matsr. Technol, £5 p418 (1971)
67. G. Glen and F.D. Richardson, Heterogeneous Kinetics At Elevated
Temperatures, Plenum (1970)
6 8. G.W. Toop and F.D. Richardson, Advances In Extractive Metallurgy, 
Inst. Min Met (1963)
69. A. Forster and F. D. Richardson, Trans. Inst. Mining Met 84 pll6 
(1975)
70. L.L. Biieumshaw and G. D. Preston, Phil. Mag, 25 7 p769 (1938)
71. K. RUa, G. Shimaoka and I. Yamai, Mat. Soc. Conf, 7 p293 (1961)
•
CMr^» G. Shimaoka and I. Yamai, J. Chem. Soc. Japan, 76 p 965 (1955)
73. K. Niwa, I. Yamai and T Wada^Bull Soc Chim Japan 31 (6 ) p 725 (1958)
74. L.L. Bircumshaw and G.D. Preston, Phil. Mag, 21 p686 (1936)
•
in W.J. Tomlinson and P.J. Martin, Metals Tech, 6 3 pll5 (1979)
76. Q. Zhang, S Liu, D Liu and L Ying, Acta Met Sinica 20 (4) A296 (1984)
77. E. Sturm and H. Winterhager, Aluminium 54 (6 ) p380 (1978)
•
COr- M. Drouzy and C. Mascre, Metall. Rev, 14 131 p25 (1969)
79. T.E. Harper and G. Reinberg, U.S. Patent 2155545 (1939)
80. U. HdLtkanp, Z. Erz. Metall, 29 p487 (1976)
81. T.D. Jones and J.C. Reinhardt, U.S. Patent 2043575 (1936)
82. J.O. Betterton and A.J. Phillips, U.S. Patent 2043574 (1936)
83. D.M. Chizhikov and M.N. Sokolov, Tzvetnive, Metal, No. 7 p59 (1934)
84. J. Blanderer J. Metals 36 (12) p53 (1984)
85. W. Gruhl and U. Gruhl, Metall, 6_ pl77 (1952)
8 6. A. Krupkowski and S. Balicki, Ann. Acad. Sci. Tech. Varsovie, £ 
p242 (1937)
87. W. Gruhl, Z. Metallk, 40 p225 (1949)
8 8. P.G. Dickens, R. Heckingbottcm and J.W. Linnett, Trans. Farad. Soc,
65 8 p2235 (1969)
89. W. Thiele, Aluminiiiii, 38 p 707 (1962)
90. C.R.C Handbook of Chemistry And Physics 61st Edition, D199,221 (1981)
91. A. Krupkovvski and S. Balicki, Ann. Acad. Sci. Tech. Varsovie,
5 pl30"'(1938).
92. A. Krupkowski and S. Balicki, Metanx et Corrosion, 12 p89 (1937)
93. J. Besson, C. Deportes, R. Schmitt and G. Danger, Bull. Soc. Chim 
France, p3394 (1966)
94. T.N. Belford and C.B. Alcock, Trans. Farad. Soc, 61 3 p443 (1965)
95. H.W. Womer, J.Inst. Metals. £ 6 pl31 (1940)
96. K. .ISros beim-Krisko, W. Hofmann and H. Haremann, Z. Metal lk 
36 p91 (1944)
97. K. Barteld and W. Hofmann,Z.E.Ecz Metall, _5 pl02 (1952)
98. J. Fischer and H. Bechtel, Z. Erz. Metall, _5 pl4 (1952)
99. K. Sano and S. Minowa, Mem. Fac. Eng. Nagoya Univ, j5 p80 (1953)
100. T.N. Belford and C.B. Alcock, Trans. Farad. Soc, 60 p822 (1964)
101. H. Hartmann, W. Hofmann and W. Stahl, Z. Erz. Metall, 11 pl51 (1958)
102. R. Delavault, Bull Soc.Chim. France, p419 (1934)
103. H. Hohn, E. Fitzer, H. Chizzola and H. Nedwed, Z. Anorg Chem 
275 p32 (1954)
104. S. Balicki and J. Leitl.Prace Inst Hutn 11 (2 ) p71 (1959)
105. M. Drauzy and C. Mascre, Rev Met 63 p269 (1966)
106. M. Drouzy, D. Fontaine and R. Pato^Rev Met 6£ pl85 (1967)
107. A.J. Murphy . Non-Ferrous Metallurgy London Pergamon Press (1954)
108. S. Balicki, Prace Inst Hutn 10 (4) p208 (1958)
109. E. Pelzel, Z. Erz. Metall., 9^ pl7 (1956)
110. E. Pelzel and H. Schneider, Metall, 12 pl22 (1958)
111. J.S. Jacob and B.H. Wadia, Bull. Inst. Min. Met, 614 pl41 (1958)
112. H.W. Eritze, Z. Erz. Metall 16 p290 (1963)
113. G. Kraft, Metall, 27 pll71 (1973)
114. E. Pelzel, Metall, 28 p471 (1974)
115. W. Gruhl and G. Wassermann, Z. Metallk, 41 pl78 (1950)
116. S.J. Scheider, Natl. Bureau. Standards (U.S), Monograph 68 (1963)
117. J.L. Platteeuw and G. Meyer, Trans. Farad,Soc, 52 pl066 (1956)
118 H. Spandau and T. Ullrich, Z. Anorg. Chem. 274 p271 (1953).
119. V.K VeseloVski 2h. Priklad Khim 16 p397 (1945)
120. E. Weber and W. M. Baldwin, Trans AIME. 94 p 854 (1952)
321. J. J. TrLllat, Rgr. Met, 52 p349 (3955)
122. J. J. TrillatL.Tertian and M. Plattard, Conpt. Rend, 240, p526 (1955)
123. H. Hadamovsky, Z. Erz Metall, 13 12 p582 (1960)
124. A. Burkhardt, Metallwirtschaft, 14 p525 (1935)
125. M. L. Ackroyd, C.A. MacKay and C.J. Thwaites, Metals Tech, 2 
2 p73 (1975)
126. O.L.G. Berezkina, N.I. Ermakova and D.M Chizhikov, Z. Neorg. Khim 
9 7 pl760 (1964)
127. E.V. Savina Z.P. Titova and D.N. Klushin, 3s Nauch, Tr. Gos 
N.I Inst. Tsv. Metal 23 p356 (1965)
128. H. Spandau and E.J. Kohlmeyer, Z. Anorg.Chem., 254 p65 (1947)
129. H. Spandau, Angav. Chem, A60 p73 (1948)
130. P. Spinedi and F. Gauzzi, Anm.Chem. 47 pl297 (1957)
131. Z.P. Titova, E.V. Savina'and D.N.Klushin, Zh. Pri. kl. Khim 
37 10 p 2175 (1964)
132. E. Crepaz, Atti.R. I-st Veneto Sci. Letteri Arti, 95 p445 (1936)
133. M. Straumanis and C. Strenk , Z. Anorg. Chem, 213 p301 (1933)
134. C.G. Finke and C.L. Mantell, J.Phys. Chem, £2 pl03 (1928)
135. H. Spandau and E.J. Kohlmeyer, Z. Metallk, 40 p374 (1949)
136. E.J. Kohlmeyer, Z Erz. Metall £ p202 (1950)
137. C.J. Smithells,Smithells Metals Reference Book, Butterworths (1983)
138. V.M. Goldschmidt, Trans. Farad. Soc 25_ p253 (1929)
139. R. Lindner, Z. Naturforsche., 10a plQ27 (1955)
140. N.F. Mott and R.W. Gurney, Electronic Processes In Ionic Crystals
Clarendon Press Oxford (1948)
141. R. Jenkins, Proc. Phys. Soc., 47 p!09 (1935)
142. W.J. Moore and L. Pauling, J.Am. Chem.Soc., 63 pl392 (1941)
143. A. Steinheil, Anm. Physik, 19 p465 (1934)
144. H.E. Swanson and E. Tatge, Natl. Bureau. Standards (U.S), Circ. 
539 2 (1953)
145. V.J. Barczak and R.H. Insley, J.Am. Ceram Soc, 45 pl44 (1962)
146. 0. Kubaschewski, Trans. Farad. Soc., 45 p931 (1949)
147. 0. Kubaschewski and E.L. Evans, Metallurgical Thermochemistry,
Pergamon (1958)
148. R. Lindner and H.N. Terem, Arkiv. Kemi, l_p213 (1954)
149. B.A. Thonpson and R.L. Strong, J.Phys. Chem, 67 p594 (1963)
150. E. Cohen andN.WJ3. Addink Z. Physik. Chem. 168 p! 8 8  (1934)
151. W.B. White. F. Dachille and R. Roy, J. Am. Ceram. Soc. 44 pl70 (1961)
152. N. Kamayama and T. Fukumoto, J.Soc.Chem.Ind. Japan, 49 pl55 (1946)
153. E. Rencker and M. Bassiere, Conpt. Raid, 2o2 p765 (1936)
154. M. Le Blan and E. Eberius, Z. Physik. Chem, 160 p69 (1932)
155. F. M. Jaeger and H.C. Germ s, Z. Anorg. Chem, 119 p!47 (1921)
156. MM. Hansen and K. Anderko, Constitution of Binary Alloys, McGraw-
Hill (1958)
157. R. Roy, Bull. Soc. Chim. France, 4_ pl065 (1965)
158. H.E. Swanson and R.K. Fuyat, Natl. Bureau Standards (U.S), Cixc 
539 2 (1953)
159. H.E. Swanson, M.I. Cook, T. Isaacs and E.H. Evans, Natl. Bur.
Standards (U.S) Circ 539 j) (1960^
160. F. De Carli, Gazz.Chem. Ital, 56 p55 (1926)
161. Nw E. Bagshaw, J.R. Feeney and M.R. Harris, Br. Corrds.J., 4_. p301
(1969)
162. J.M. Eldridge and D.W. Dong Surf.Sci 40 p512 (1973)
163. M.G. Hapase, M.K. Gharparey and A.B. Biswas Surf. Sci 12 p85 (1968)
164. J.R. Anderson and V.B. Tare J. Phys. Chem 68 pl482 (1964)
165. G.A. Hope Aust. J. Chem 33 p471 (1980)
166. S. Evans and J.M. Thomas, J. Chem Soc. Farad.Trans 1 71 p313 (1975)
167. S. Bassva.iah J.M. Eldridge and J. Matisoo, J. Appl. Phys. 45 p457 
(1974)
168. R.W. Joyner, K. Kishi and M. W. Roberts,Proc. Roy. Soc. Lond. Ser.
A. 358 p223 (1977)
169. R.W. Hewitt and N. Winograd,Surf. Sci 78 pi (1978)
170. J.M. Eldridge, Surf. Sci 40 p531 (1973)
171. R.P. Erankenthal and D. J. Siconolfi, Corros Sci 21 (7) p479 (1981)
172. T. Hurlen,J. Inst. Metals 89 p273 (1960-61)
173. K. Siegbahn et al ESCA Nova Acta Regiae Soc. Sci Uppsala Ser. IV 
20 (1967)
174. W.E. Boggs, P.S. Trozzo and G.E. Pellissier, J. Electrom Soc. 108 
No 2 pl3 (1961)
175. S.J. ;G..regg and W.B. Jepson,J. Inst. Metals 87 pl87 (1958-59)
176. W.H.J. Vernon, E.I. Ackeroyd and E.G. Stroud,J. Inst. Metals 65 
p301 (1939)
177. B. Lustman and R.F. Mehl,Trans AIME 143 p246 (1941)
178. G. Tarrmann and W. Koster, Z tsch Anorg Allg Chem 123 pl96 (1922)
179. J.S. Dunn,Proc Roy Soc 111-A p210 (1926)
180. W.H.J. Vemon,Trans Farad. Soc 31 pl668 (1935)
181. D.W.Aylemore, S.J. Gregg and W.B. Jepson,J. Electrochem Soc 107
p495 (1960)
182. D.W. Bridges and W.M. Fassell, J. Electrochem Soc 103 p326 (1956)
183. P. Kofstad and H. Kj^ llesdal, Trans AIME 221 p285 (1961)
184. P. Kofstad ,J. Electrochem Soc. 110 p491 (1963)
185. J. Besson and P. Touzain,Conpt. Rend 258 p3720 (1964)
186. G. Becker, Insul .ation Circuits (1982)
187. G. Schmidt-Thomas, R. Becker and H. M. Zahel,Metall 38 pl069 (1984)
188. R ,C. Peterson W.M. Fassell and M.E. Wadsworth, Trans AIME 200 
pl038 (1954)
189. C.I. Howe B. McEnaney and V.D. Scott,Corros Sci 23 (3) pl95 (1985)
190. U.R. Evans,Trans Farad Soc 51 p365 (1945)
191. L.L. Bircumshd-v, Phil Mag 17 (7) p81 (1934)
192. A.E. Schwanke, W.C. Falke and V.R. Miller, J. Chem. Eng. Data 
23 (4) p298 (1978)
193. T. P. YaO and V. Kondi.c,J. Inst. Metals 81 p!7 (1952-53)
194. W.H.J. Vernon,Trans. Farad. Soc. 23 pl59 (1927)
195. W.L. Sleppy, J. Electrochem. Soc. 108 pl097 (1961)
196. W.E. Boggs R.H. Kachik and G.E. Pellissier,J. Electrochem Soc
108 (1) p6 (1960)
197. D.H. Bangham, J.Sci Instrum 22 p23Q (1945)
198. R.F. Tylecote,J. Inst. Met. 81 p681 (1952-53)
1991 C. Wagner and K. Grunewald,Z. Phys Chem 40 p455 (1938)
20.CX R.P. Franterthal and D. J. Siconolfi,J.Vac Sci Technol 17 p315 (1980)
20:J. R.W; Wilson and E.B. Shone , Metallurgical Studies of Bearing Failures(1968
202. M. Creydt und R. Fichter, Metall. 25 p!124 (1975)
Appendix A
Wave Soldering
Wave soldering is a technique used extensively in the electronics industry 
for the mass production of soldered joints on printed circuit boards. A 
wave soldering machine consists essentially of a heated solder bath in which 
a standing wave of solder is produced (see Figure 96). The wave is noimally 
foimed by means of a rotating impellor submerged in the solder. The 
rotating action of the impellor draws the solder through a channel which 
turns upwards to produce a standing wave at the surface of the solder bath.
Components are mounted on one face of a printed circuit board so that the 
connecting leads pass through holes in the board. After fluxing and 
drying operations the leads are soldered to the conductive tracks on the 
other face of the board as it passes through the crest of the wave.
The use of the solder wave is advantageous in that oxide growth on the 
surface of the wave is limited by the very short contact time between
the surface of the solder and the atmosphere. However the use of the 
inpellor causes considerable turbulence throughout the solder bath which 
results in mixing of the solder and the surface oxide. Under these 
conditions a loosely bonded mixture of oxide and alloy is foimed which 
floats on the surface of the solder bath. This product is known in non- 
ferrous metallurgy as dross. The quantity and appearance of the dross 
fonned in a wave soldering machine varies considerably according to the 
degree and nature of the turbulence in the sdder.
The accumulation of dross in the solder bath reduces the efficiency of the 
wave soldering process and consequently regular removal of the dross is necessary. 
However.the removal of dross represents ai significant loss of solder from the 
bath and therefore the oxidation and drossing rates of the solder are important 
economic factors with respect to the wave soldering operation.
Figure 96
The Essential Features of Wave
' 'Soldering
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